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Abstract 
Staphylococcal food poisoning is a major form of bacterial food poisoning, 
which results from the ingestion of enterotoxins produced in foods by some strains of 
staphylococci. Five major staphylococcal enterotoxins have been characterized, 
designated alphabetically as SEA through SEE, and three closely related subtypes of 
SEC have been described. Conventional methods for the detection of enterotoxigenic 
staphylococci involve immunological procedures for detecting the enterotoxins in 
extracts of contaminated food or in culture filtrates of suspect strains. These methods 
are often time-consuming and laborious especially for processing large numbers of 
specimens collected during an outbreak of staphylococcal food poisoning. 
This thesis describes molecular approaches to the epidemiological analysis of 
non-clinical isolates of Staphylococcus aureus based on the detection of genes 
encoding the staphylococcal enterotoxins, using synthetic oligonucleotide probes. The 
project was divided into three major parts. The first part deals with screening Hindill 
digested DNA of 27 non-clinical isolates of S. aureus isolated from nasal swabs of 74 
healthy human volunteers, for DNA sequences that encode the enterotoxin genes using 
synthetic oligonucleotide probes. The second part describes the testing of the isolates 
under standard cultural conditions for production of enterotoxins; and the third is a 
preliminary epidemiological analysis of DNA from the 15 toxin producing isolates, 
using pulsed-field gel electrophoresis combined with oligonucleotide hybridization 
analysis. 
The oligonucleotide probes used in this study were designed to differentiate 
between the five major enterotoxin genes; they were synthesized as mixed 
oligonucleotide probes (synthesized so that two, three or four alternative nucleotides 
were inserted at the third position of amino acid codons) in accordance with variations 
in codon usage in the enterotoxin genes. Two sets of probes were constructed for the 
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detection of each of the genes for SEA, SEB, and SEC, and one set of probes for each 
of the genes for SED and SEE. 
In hybridization analyses of fragments, DNA from all isolates hybridized with 
at least one of the probes used; nine isolates tested positive for probes for four 
different toxin genes. No isolate hybridized with the probe designed to detect the gene 
for SEE. Fragments ranging in size from one to 10 kb hybridized with the various 
probes used; two different probes (one designed to detect SEB and that designed to 
detect SED) hybridized with identical sized DNA fragments. One of each pair of 
probes designed to detect each of the genes for SEA, SEB, and SEC hybridized with 
DNA from more isolates than the other. 
In immunoassays of stationary phase culture of the isolates 15 of the 27 
isolates synthesized enterotoxins, 14 isolates produced one type of enterotoxin each, 
while one produced two different enterotoxins. DNA from all isolates that produced 
enterotoxins hybridized with the corresponding probes; exact correlations were 
obtained between immunoassays for toxin and hybridization analyses with one of the 
probes directed at SEA producers, and the one directed at SED producers. Toxin 
production was found to be at the maximum in stationary growth phase for five of the 
six representative isolates examined for toxin production in different growth phases; in 
the sixth, toxin production was the same in actively growing and non growing 
cultures. Differences were observed in the levels of the same toxin produced by 
different isolates and more than 100-fold variation was obtained in the amount of SEA 
produced by isolates. 
Comparison of the chromosomal restriction fragment length polymorphism 
obtained from enterotoxin-producing isolates revealed that five of seven SEA 
producers were similar or identical; also, two of six SEC producers shared identical 
restriction fragment pattern. This implies that these two subgroups of isolates are 
descended from single original clones. 
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In summary, my results demonstrate that as well as detecting staphylococcal 
isolates carrying copies of active enterotoxin genes, some of the probes detected 
isolates either with non-functional copies of the gene or genes which encoded 
synthesis of toxins which were antigenically different from those used to generate 
antibodies for the agglutination assays. Based on these results, it is concluded that 
DNA hybridization with mixed oligonucleotide probes (and thus, also assays based on 
polymerase chain reaction detection of specific DNA sequences) cannot yet be reliably 
used in epidemiological studies of staphylococcal food poisoning. 
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CHAPTER 1 
GENERAL INTRODUCTION 
1 
1.1 Staphylococcal Food Poisoning 
Staphylococcal enterotoxins are extracellular proteins prcxiuced by some strains 
of staphylococci; when ingested, these toxins cause staphylococcal food poisoning 
(Bergdoll, 1983). Staphylococcus aureus is most commonly associated with 
staphylococcal focxi poisoning, but some coagulase-negative staphylococci (S. cohnii, 
S. epidermidis, S. haemolyticus and S. xylosus) have also been implicated (Bautista et 
al., 1988). S. aureus is a gram positive, nonspore-forming bacterium whose small 
cocci (0.5-1.0 µm) usually occur in clusters but also singly, in pairs and in tetrads. 
Nasal carriage of S. aureus by about one third of healthy persons occurs; it is rarely 
found on normal healthy skin, but is more common on the skin of patients with some 
dermatoses (Noble & White, 1983). S. aureus causes infections such as pimples, 
boils, carbuncles, abscesses, and serious deep seated infections such as endocarditis, 
septicaemia, pneumonia, meningitis, and osteomyelitis (Wheat et al., 1983). Of 
importance too is the problem of hospital acquired infections by multi-antibiotic 
resistant S. aureus, the occurrence of which continues to be on the increase (Matthews 
& Stewart, 1984). Apart from food intoxication, S. aureus also causes other forms of 
intoxications such as toxic shock and exfoliative syndromes (Todd, 1985). 
Food borne illnesses usually arise as a result of two different mechanisms: as 
food transmitted infections or as focxi intoxication. In focxi transmitted infection, the 
microorganisms gain access to the gastrointestinal tract, multiply within it and cause 
illness by their growth, metabolism and spread; salmonellosis is a typical form of this 
infection. In food intoxication, the microorganisms either multiply in the food 
producing a toxin which poisons the consumer of the focxi (eg. staphylococcal 
enterotoxins and Clostridium botulinum neurotoxins), or the microorganisms may 
produce toxins in the gastrointestinal tract following ingestion in large numbers (eg. 
Clostridiumpeifringens).Among the bacteria that cause focxi intoxication the best 
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known are Staphylococcus aureus, Clostridiumperfringens,Clostridium botulinum, 
and Bacillus cereus (Ayres et al., 1980). 
Staphylococcal food poisoning is one of the major forms of bacterial food 
poisoning in the world but the true incidence is unknown because this illness is not 
reportable in most countries. However, in Hungary, 40% of food borne illness in 
1974 were attributed to staphylococcal food poisoning. This is a relatively high 
percentage when compared to the approximately 20-25% reported in Japan and the 25-
30% reported in the USA (Bergdoll, 1983). The type of food consumed in any given 
country may affect the incidence of staphylococcal food poisoning, for example, in 
Japan rice balls are the major food item involved in staphylococcal food poisoning, 
while in the USA, baked ham is frequently involved in this type of food poisoning 
(Bergdoll, 1983). Generally, the range of foods involved in staphylococcal food 
poisoning is broad: cooked meats (particularly ham and poultry and dishes made with 
these meats), salads, egg products (such as custards), whipped creams, meringues, 
pumpkin pies, creamed vegetables, macaroni, milk, cheese and soups. With the 
exception of milk and cheese, where the staphylococci may originate from mastitic 
infections of cows, virtually all incriminated foods have been infected as a result of 
handling by humans. Most of the foods have been cooked or pasteurized, but are 
often contaminated during cooling (Ayres et al., 1980). 
Staphylococcal enterotoxins cause irritation of the intestinal tract, and the 
severity of the symptoms depends on the enterotoxin dosage (ranging from being 
barely noticeable to causing extreme distress); most foods implicated in staphylococcal 
food poisoning outbreaks contain low levels of enterotoxin, often less than 1 µg/100 g 
of food (Reiser et al., 1974). This causes obvious signs of staphylococcal food 
poisoning in victims. Progressively, the symptoms are uneasiness, nausea, diarrhoea, 
vomiting, moderate to severely cramping pains, and in rare cases, prostration, coma 
and death. The onset is usually within two to four hours after consumption of the 
affected food, or earlier if there is severe intoxication (Ayres et al., 1980). Even in 
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severe instances, symptoms seldom endure for more than 12 to 15 hand the recovery 
period is uneventful except for a feeling of malaise and general weakness . 
An important property of the enterotoxins which is thought to be responsible 
for some or all of the symptoms of staphylococcal food poisoning, is their ability to 
bind to human and mouse major histocompatibility complex (MHC) proteins. The 
complex of toxins and MHC proteins so formed can stimulate large numbers of T cells 
rapidly; these toxins are thus referred to as "super-antigens" (Marrack & Kappler, 
1990). It is suggested that the enterotoxins cause illness through MHC binding or T 
cell stimulation in several ways. For example, the binding of the toxins to MHC 
proteins on mast cells or other cells lining the gut may cause the release of factors (eg. 
interleuk:in-2 and tumour necrosis factor which are beneficial to the host in small 
quantities but damaging in large amounts) which concentrate locally and induce 
symptoms like diarrhoea and vomiting. Alternatively, the toxins may stimulate T cells 
located in the gut, and the local production of lymphokines by these cells causes the 
symptoms (Marrack & Kappler, 1990). 
The symptoms of staphylococcal food poisoning develop so rapidly once food 
containing the toxin has been ingested that there is no effective way to counteract the 
toxin action. Treatment is usually limited to restoration of the fluid balance in those 
patients who have severe vomiting and diarrhoea. Treatment with antibiotics is 
pointless because the illness is caused by preformed toxin and not by the ingestion of 
the organism. The most effective method for preventing staphylococcal food 
poisoning is refrigeration of any food item that might provide staphylococci with a 
good growth medium; only a few hours are required at room temperature for 
staphylococci to grow sufficiently to produce enterotoxin in food. Foods that are to be 
served warm should be kept above 50°C until serving as the staphylococci will not 
grow at this temperature (Bergdoll, 1983). 
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1.2 Properties of Staphylococcal Enterotoxins and Factors Influencing 
Enterotoxin Production in Culture 
The application of know ledge gained from studies on the properties of the 
enterotoxins and factors that influence their production by staphylococci is crucial in 
the prevention of staphylococcal food poisoning. Seven immunologically distinct 
staphylococcal enterotoxins (SE) have been characterized and are designated SEA, 
SEB, SECl, SEC2, SEC3, SED, and SEE (Bergdoll, 1983). They are simple 
proteins with relatively low molecular weights of 26 to 30 kilodaltons. Each 
enterotoxin is a single polypeptide chain containing a disulphide loop (Bergdoll, 
1983). The enterotoxins are water soluble, and vary in heat resistance; they are 
resistant to the proteolytic enzymes pepsin, trypsin, chymotrypsin, renin and papain 
(Ayres et al., 1980). The enterotoxins are the only known biologically active 
substances produced by staphylococci whose toxic properties are resistant to 
proteolytic enzymes (Bergdoll, 1983). The resistance to proteolytic enzymes makes it 
possible for the enterotoxins to persist within the stomach and intestines and thus 
produce a sustained toxic action there. 
The amino acid composition of the enterotoxins varies, the significance of 
which is not clear except for possible changes in antigenic sites in these toxins 
(Bergdoll, 1983). In order to locate the biochemically active sites in these toxins, 
selective chemical substitutions or modifications of certain residues in the enterotoxins 
have been carried out (Chu & Bergdoll, 1969; Stelma & Bergdoll, 1982). Substitution 
of five to six histidine residues adjacent to the disulphide loop of SEA with 
bromoacetic acid caused a significant reduction in toxicity and a slight reduction in the 
ability of the enterotoxin to react with antibody specific for SEA (Stelma & Bergdoll, 
1982). Modification of more than six methionine residues of SEB with iodoacetic acid 
and hydrogen peroxide led to a change in conformation and loss of the emetic activity 
of the toxin (Chu & Bergdoll, 1969). 
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Production of a specific enterotox.in by different enterotoxigenic strains in 
response to a wide range of growth conditions vary considerably from strain to strain 
(Jarvis et al., 1973). Available data on factors influencing enterotoxin production are 
mainly concerned with enterotoxins A, B, and C. Production of enterotoxins A, B, 
and C during growth of staphylococci occurs generally at the logarithmic and/or 
stationary phase(s) of growth (Czop & Bergdoll, 1974; Ayres et al., 1980; Otero et 
al., 1990). In general, enterotoxins are detectable in contaminated food when the 
count of staphylococci exceeds lx 1 Q6 cells/g (Nole to & Bergdoll, 1980; Park & 
Szabo, 1986; Wieneke & Gilbert, 1987). However, it may be necessary in some food 
poisoning outbreaks to examine many isolates for enterotoxin production to be able to 
detect the enterotoxigenic staphylococci. This is because enterotoxigenic staphylococci 
may be masked by non-enterotox.igenic ones (Noleto & Bergdoll, 1980). 
The effect of aeration in shake-flask experiments on enterotoxin A, B, and C 
production has been studied (Jarvis et al., 1973; Carpenter & Silverman, 197 6). In 
one of these studies, increasing aeration in shake flasks resulted in higher growth rates 
by nine strains studied and increased production of the enterotoxins except SEC, the 
yield of which was decreased in one strain at high aeration (Jarvis et al., 1973). In 
another study involving SEA synthesis by S. aureus strain 100 under controlled 
fermenter conditions, it was shown that high dissolved oxygen levels ( 100% of air 
saturation) stimulated growth to yield dense cultures, which resulted in a lowered SEA 
productivity (Carpenter & Silverman, 1976). Levels maintained at approximately 10% 
of air saturation stimulated the secretion of enterotoxin to high titres. It was noted that 
it was not the aeration rate per se which was most influential on the synthesis of 
enterotoxin but rather the level of dissolved oxygen within the culture. 
The optimum temperature for growth of S. aureus is usually considered to be 
37°C. Although no conclusive studies on optimum temperature for toxin production 
have been made, most studies involving enterotoxin production have been carried out 
at 37°C. A study involving optimum temperature for SEB and SEC production by S. 
aureus strains S-6 and 137 respectively, showed that the maximum toxin yield by 
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these organisms in culture under aerobic conditions was obtained at 40°C after 24 h 
incubation (Vandenbosch et al., 1973). 
The effects of pH and NaCl on the production of SEC by S. aureus strain 137 
have been studied. The optimum pH for the production of SEC by this strain appeared 
to be between 5.5 and 6.5 (Genigeorgis et al., 1971). As the concentration of NaCl 
was increased from O to 10%, yield of SEC decreased, but the toxin was still produced 
in cured meats having up to 10% NaCl (Genigeorgis et al., 1971). 
The effect of water activity (aw) on growth of staphylococci and SEB 
production has been studied. Although S. aureus can grow at an aw as low as 0.86, 
production of SEB is strongly suppressed in laboratory media by aw decrease, and 
was not detected in a culture grown at 0.96 aw probably because the reduction in aw 
prevented its synthesis (Troller, 1986). 
1.3 Genetics of Staphylococcal Enterotoxins 
The development of recombinant DNA technology has been a major factor in 
spurring the development of staphylococcal genetics. In turn, this has led to a 
significant understanding of the genetics of staphylococcal enterotoxins and other 
toxins of S. aureus. The nucleotide sequences of the genes encoding the seven 
staphylococcal enterotoxins so far characterized have been determined (Jones & Khan , 
1986; Bohach & Schlievert, 1987 & 1989; Betley & Mekalanos, 1988; Couch et al., 
1988; Bayles & Iandolo, 1989; Hovde et al., 1990). The structural genes range from 
771 to 798 base pairs (bp) in size and encode mature proteins which are 228 to 239 
amino acid residues long. The proteins are similar; however, carriage of the genes 
appears to be very diverse. 
The gene for SEA (sea) is 771 bp and encodes an enterotoxin A precursor of 
257 amino acid residues . A 24-residue N-terminal hydrophobic leader sequence is 
removed from the precursor to yield the mature enterotoxin A which has 233 amino 
acid residues with molecular weight of 27,100 daltons (da) (Betley & Mekalanos, 
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1988). The gene sea, is carried by a temperate bacteriophage which is approximately 
8 kilo base pairs (kb) in size. This phage integrates into the bacterial chromosome and 
sea is located near the phage attachment site (Betley & Mekalanos, 1985). The 
integration point of the phage and thus the chromosomal location of sea, is between 
the purine (pur) and isoleucine-valine (ilv) markers in most S. aureus strains. 
However, in some strains, sea is unlinked to pur-ilv and its location is uncertain, but 
the nucleotide sequence of the gene is the same at these different locations. 
A variant of sea referred to as sezA+ has been identified (Soltis et al., 1990). 
The sezA +_containing fragment was cloned into Escherichia coli, and its DNA 
sequence was determined. Analysis of the nucleotide sequence revealed a 771 bp 
region that contained an open reading frame with 85 and 77% nucleotide and derived 
amino acid sequence identities with sea and SEA respectively (Soltis et al., 1990). 
sezA + was shown to be transcribed into stable mRNA; however, this mRNA was not 
translated into an enterotoxin-like protein because it lacked a translation initiation 
codon (Soltis et al., 1990). 
The structural gene for SEB consists of 798 nucleotides. The gene (seb) 
encodes an enterotoxin B precursor that consists of 266 amino acids. The 5'-terminal 
portion of the gene encodes a signal peptide 27 amino acids long. The mature protein 
contains 239 amino acids with a molecular weight of 28,336 da (Jones & Khan, 
1986). Experiments involving transformation, transduction and mutation analysis 
suggest that seb is structurally unstable and possibly part of a mobile genetic element 
such as a phage or a transposon. Results of DNA hybridization experiments suggest 
that seb is part of a discrete genetic element that is at least 26.8 kb in size (Johns & 
Khan, 1988). Enterotoxin B production has also been associated with a 56.2 kb 
penicillinase plasmid designated pZA 10 (Altboum et al., 1985). This plasmid also 
carries genetic determinants for resistance to penicillin, cadmium, mercury, lead, 
arsenate and arsenite. 
Early studies on the genetics of SEB prcxiuction demonstrated that an 
association existed between methicillin resistance and prcxiuction of SEB, since seb 
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cotransduced with the marker for methicillin resistance (mec) at a high frequency 
(Dornbusch et al., 1969). This suggests that seb may be located near the mec gene. 
Cotransductions of the markers for mercury (mer) and cadmium (cad) resistance, as 
well as markers for penicillinase and ~hemolysin production also occurred with SEB 
production to some extent (Dornbusch et al., 1969). This is al so consistent with 
proximity of seb to mec, since mec is often surrounded by a cluster of resistance genes 
including mer and cad (Matthews et al., 1990). 
The genes encoding the three type C staphylococcal enterotoxins (sec ], sec2 
and sec3) are each 798 bp long and encode precursor proteins 266 amino acids long 
which are processed to mature proteins 239 amino acids long. Mature enterotoxins 
Cl, C2, and C3 have molecular weights of 27,496, 27,531 and 27 ,563 da 
respectively. The three type C staphylococcal enterotoxins possess both subtype-
specific and cross-reactive antigenic epitopes. The amino-termini of the enterotoxins 
determine subtype-specific antigenic epitopes, while more conserved carboxyl- terminal 
regions determine biological properties and cross-reactive antigenic epitopes shared 
with pyrogenic toxins (Hovde et al., 1990). 
There is evidence that sec] may be located either on the chromosome or on a 
plasmid. The first report on the genetic analysis of SECl was provided by Betley & 
Bergdoll (1981). They could not find extrachromosomal DNA that was associated 
with SEC 1 production and implied that the structural sec gene was chromosomal. 
However, Altboum et al. (1985) later reported the isolation of a plasmid that carried 
the genes for both seb and secl. This is the only report of a naturally occurring 
plasmid that contains two enterotoxin genes. 
The gene encoding SED (sed) is 77 4 bp in size. The gene encodes a 25 8-
amino acid precursor with a 30 amino acid signal peptide. The 228 amino acid mature 
polypeptide has a molecular weight of 26,360 da. The gene sed is located on a 27 .6 
kb penicillinase plasmid designated pIB485. This plasmid has been found in all 
staphylococcal enterotoxin D producing strains analyzed; it also encodes resistance to 
penicillin and cadmium (Bayles & Iandolo, 1989). 
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Finally, the gene encoding SEE (see) contains 771 bp and enccxies a precursor 
protein 257 amino acid long. This is processed to yield a mature form, 230 amino acid 
residues with a molecular weight of 26,425 da (Couch et al., 1988). The gene see 
has been proposed to be associated with a defective bacteriophage. 
The cloning and sequencing of the genes enccxiing all characterized 
enterotoxins have allowed a comparison of the genes and their gene products. The 
three sec genes are the most closely related with 97-98% nucleotide sequence similarity 
(Hovde et al., 1990) and they all show substantial similarity to seb (Couch et al., 
1988). sea is most closely related to see with 84% sequence similarity. It is 
speculated that sed may have a more ancient evolutionary status and might have been 
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the precursor to all the enterotoxins (Iandolo, 1989), since sed appears to be 
commonly related to all the other genes. 
It has been demonstrated that the enterotoxins are not only related to each other 
but also share considerable DNA and amino acid similarity with streptococcal 
pyrogenic exotoxin A (Weeks & Ferretti, 1986; Betley & Mekalanos, 1988; Couch et 
al., 1988; Bayles & Iandolo, 1989; Marrack & Kappler, 1990). The genes seb and 
sec] are most closely related to SPEA gene (speA) with 61 and 60% nucleotide 
sequence similarity respectively (Couch et al., 1988). It has been quite surprising to 
find that SPEA has such a considerable similarity to the staphylococcal enterotoxins. 
The evolutionary events that have resulted in the distribution of genes for related 
bacterial toxins in different genera are not fully understood (Betley & Mekalanos, 
1988). However, the fact that staphylococcal enterotoxins are encoded by accessory 
genetic elements (phages, plasmids and transposons), and SPEA is also carried on a 
bacteriophage (Weeks & Ferretti, 1986) indicates a possibility of cross-taxa exchange 
of genetic information. 
Staphylococcal toxic shock syndrome toxin-1 (TSST-1), which also belongs to 
the family of pyrogenic toxins, has very little amino acid sequence similarity with the 
SEs and SPEA (Blomster-Hautamaa et al., 1986; Iandolo, 1989; Marrack & Kappler, 
1990). The lack of a close sequence relationship between TSST-1 and these toxins 
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may suggest that it may be more closely related to the ancestral progenitor of the 
pyrogenic toxin family or alternatively, it is wrongly included in this group of toxins 
(Iandolo, 1989). 
Immunological cross-reactivity is observed amongst the enterotoxins and 
SPEA, dividing these toxins into two groups (Hynes et al., 1987). SEA, SEE, and 
SED constitute one group, while SEB, SECl, and SPEA make up the second group. 
Cross-reactivity has been observed within each group of toxins but not between these 
two groups. This suggests that conserved domains are present within each group of 
toxins, suggesting a common evolutionary ancestor. 
1.3.1 Regulation of Staphylococcal Enterotoxin Synthesis 
Considerable attention has recently been directed towards understanding the 
regulation of the expression of staphylococcal enterotoxins and other extracellular 
protein genes. Studies have suggested that the exoprotein genes in S. aureus may be 
coordinate I y regulated ( Coleman, 19 81). An element, named the accessory gene 
regulator (agr), has been shown to be intimately involved in the synthesis and export 
of most exoproteins in S. aureus (Iandolo, 1989). The genes for SEB and SED have 
been reported to be positively regulated by agr (Gaskill & Khan, 1988; Bayles & 
Iandolo, 1989). Other genes in S. aureus that are found to be positively regulated 
include those for exfoliatins A and B, TSST-1, and staphylokinase. Coagulase and 
protein A are negatively regulated by agr, thus, their expression is increased in agr 
mutants (Iandolo, 1989). 
The mode of action of the agr gene product is not thoroughly understood, but 
the protein apparently acts at the level of transcription. Studies on the levels of SEB 
mRNA and protein from a number of SEB producing strains showed a correlation 
between the two (Gaskill & Khan, 1988). The role of the upstream sequence of seb in 
the regulation of the gene has been studied by deletion analysis. A region of seb 
between 59 and 93 nucleotides upstream of the transcription initiation site was found 
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to be required for transcription of seb (Mahmocxi & Khan, 1990). This region was 
also shown to bind specifically to a protein factor present in a cell extract of seb 
positive strain S6. This protein may correspond to a transcriptional activator of seb 
(Mahmood & Khan, 1990). 
1.4 Detection of Staphylococcal Enterotoxins 
The presence of coagulase-positive staphylococci in food represents a potential 
food-poisoning risk (Niskanen & Aalto, 1978). However, it is not conclusive 
evidence since staphylococcal food poisoning depends on the presence of enterotoxin 
in the food. Attempts have been made to establish a relationship between 
enterotoxigenicity and some biochemical properties, biotypes and phage patterns of 
staphylococcal strains (Jarvis & Lawrence, 1971; Hajek, 1978; Garcia et al., 1980; 
Mauff et al., 1983; Otero et al., 1990), but no consistent association has been found. 
Lipase (Jarvis & Lawrence, 1971), coagulase, hemolysin and mannitol utilization 
(Bautista et al., 1988) and thermonuclease production (Otero et al., 1990) have been 
linked with enterotoxin production. However, these characteristics are not specific for 
enterotoxigenic strains. Enterotoxigenicity of suspect cultures has also been tested 
using experimental animals like cats, monkeys and dogs (Ayres et al., 1980; Bergdoll, 
1983). Animals, on a bcxiy weight basis are less sensitive to the enterotoxins than 
man, and some animals such as the cats are quite insensitive even to intragastric 
administration of the toxin (Bergdoll, 1983). 
The techniques routinely used for the detection of enterotoxins in outbreaks of 
staphylococcal food poisoning are based on immunological methods. Various 
procedures have been developed for detecting enterotoxins in extracts of contaminated 
focxi, or in culture filtrates of suspect strains. These include enzyme-linked 
immunosorbent assay (Notermans et al., 1983; Wieneke & Gilbert, 1987; Bautista et 
al., 1988), gel-diffusion method (Wieneke & Gilbert, 1987), reverse passive latex 
agglutination assay (Wieneke & Gilbert, 1987; Fujikawa & Igarashi, 1988), 
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radioimmunoassay (Miller et al., 1978), reverse passive hemagglutination technique 
(Reiser et al., 1974), and rnicroslide methods (Reiser et al., 1974). 
Assays for the identification of staphylococcal enterotoxins A, B, C and D are 
now commercially available in kit form. Two of the kits have been compared 
operationally (Haines & Stannard, 1987; Wieneke & Gilbert, 1987; Rose et al., 1989). 
One of the kits (Oxoid) utilizes reverse passive latex agglutination (RPLA). The 
technique is based on latex-bound antibody specific for a particular enterotoxin; 
agglutination of the latex particles occurs due to crosslinking by the specific 
enterotoxin. The second kit (Biosure) relies on a sandwich enzyme-linked 
immunosorbent assay (ELISA) technique that uses antibody specific for enterotoxins 
A, B, C and D, bound to polystyrene beads. The food extract is incubated with 
antibody coated polystyrene beads. Staphylococcal enterotoxin binds to the 
immobilised specific antibody, producing an antibody-enterotoxin complex. To this is 
added an antibody-enzyme (Ab-E) conjugate, which also binds to the enterotoxin. 
After removal of excess Ab-E, enzyme substrate is added which produces a colour 
reaction when enterotoxin has retained the Ab-E complex. Enzyme activity (as 
measured by colour intensity) is directly proportional to the amount of enterotoxin 
bound to the polystyrene bead and thus to the amount of enterotoxin in the original 
extract (Haines & Stannard, 1987). 
The ELISA kit is the more sensitive of the two kits and has a high level of 
specificity. This kit is capable of detecting 0.1 ng enterotoxin/g of food (Haines & 
Stannard, 1987; Rose et al., 1989). However, it is labour intensive and impractical 
for large numbers of samples. The RPLA is relatively simple and rapid to perform, 
although it is less sensitive than the ELISA test and shows non-specific reactions with 
food extracts, which may be interpreted as false positives by inexperienced users 
(Wieneke & Gilbert, 1987; Rose et al., 1989). The RPLA kit has a detection limit of 
0.75 ng enterotoxin/g of food (Park & Szabo, 1986); however, the sensitivity of the 
test has been found to be lower than this in other studies (Haines & Stannard, 1987; 
Wieneke & Gilbert, 1987). 
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Although these kits represent significant advances in the epidemiological 
surveillance of staphylococcal enterotoxins, there is still a need for further 
development in this area. A major drawback is that neither of the kits just described 
contains a test for the detection of staphylococcal enterotoxin E. Moreover, their use is 
suited to retrospective rather than prospective analyses, and their sensitivity, compared 
with what is theoretically achievable with DNA or RNA based methods is low. 
1.5 Molecular Techniques for the Detection of Pathogens 
Recent advances in molecular genetics and DNA sequencing have made 
possible non-microbiological methods for detecting pathogens, or particular virulence 
genes, using cloned or synthetic DNA sequence (probe), to detect DNA identical in 
sequence in the target gene or organism. DNA-DNA hybridization analysis has great 
promise as a rapid and specific method for the detection of pathogens (Small & 
Falkow, 1986; Tompkins & Krajden, 1986; Hill, 1989). 
Many hybridization assays utilize radioactively labelled probe DNA as the basis 
for detection of their target sequences. While radioactively labelled probes are 
sensitive in detecting target DNA, they decay over time. They may also constitute a 
hazard to workers, and thus require careful handling. Non-radioactive probes labelled 
with either biotin or enzymes have offered a useful alternative to radioactively labelled 
probes. However, non-radioactively labelled probes have not generally been able to 
achieve the sensitivity of those labelled with radioactive isotopes (Olive et al., 1988). 
Reduction in synthesis time and cost have made synthetic oligonucleotides 
accessible to most laboratories (Miyada & Wallace, 1987). Synthetic oligonucleotides 
have been extensively used as probes in various hybridization procedures (Suggs et 
al., 1981; Wallace et al., 1981; Hill et al., 1985; Lin et al., 1985; Miyada & Wallace, 
1987; Notermans et al., 1988; Neill et al., 1990). Since more than one codon exists 
for most of the 20 amino acids and some codons are used more frequently than others , 
in searching for a particular sequence for which codon types are unknown, a mixture 
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of oligonucleotide probes can be designed to cover all likely codon combinations 
(Suggs et al., 1981; Wallace et al., 1981; Lin et al., 1985). When a mixture of 
oligonucleotides, synthesized so that two, three, or four alternative nucleotides are 
inserted at a particular nucleotide position, the probability of a match with the target 
sequence is increased accordingly (Lathe, 1985). An alternative strategy is to 
synthesize a single but longer oligonucleotide probe (Hill et al., 1985; Miyada & 
Wallace, 1987; Notermans et al., 1988; Neill et al., 1990). Here, the uncertainty of 
codon type is largely ignored and instead, increased probe length is used to confer 
probe specificity (Lathe, 1985). 
DNA probes have been developed for the detection of enterotoxigenic S. 
aureus strains, using single oligonucleotide probes that hybridize with more than one 
enterotoxin gene (Betley & Mekalanos, 1988; Notermans et al., 1988). Alternatively, 
probes have been developed that allow specific detection of single genes, and thus the 
differentiation of S. aureus isolates producing different enterotoxins (Neill et al., 
1990). DNA probes have also been developed for the detection of S. aureus isolates 
which carry genes for TSST-1 (Neill et al., 1990; Jaulhac et al., 1991), and for other 
pathogenic bacteria including Salmonella spp. (Fitts et al., 1983), Neisseria 
gonorrhoeae and Chlamydia trachomatis (Horn et al., 1986), enterotoxigenic E.coli 
(Hill et al., 1985), and enteroinvasive E.coli and Shigella spp. (Small & Falkow, 
1986). 
Recently, techniques that detect nucleotide sequence variations in the 
chromosomal DNA of bacterial isolates have been applied to epidemiological 
investigations. The procedure involves the analysis of restriction fragment length 
polymorphisms (RFLPs) observed by agarose-gel electrophoresis. The technique is 
based on the proposition that the cleavage sites for a given restriction enzyme are 
distributed randomly along the bacterial chromosome. The more similar the 
chromosomal sequences of a group of isolates, the more similar their restriction 
fragments, while differences in this distribution indicates differences between the 
nucleotide sequences in the organisms being studied Cleavage of chromosomal DNA 
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by a restriction endonuclease and separation of the resulting fragments by 
electrophoresis gives a characteristic pattern which may provide useful information in 
the comparison of strains or isolates (Mulvey et al., 1986). The fragment 
polymorphisms observed by this method reflect alterations (mutations) at any site in 
the chromosome, including firstly, mutations that generate or remove the sequences 
recognized by the restriction enzymes; secondly, inversions or transpositions that alter 
the relative positions of restriction sites; and thirdly, duplications or deletions 
sufficiently large enough to alter the migration of a particular fragment (El-Adhami, et 
al., 1991). 
The use of RFLPs has been applied in epidemiological studies involving 
methicillin-resistant staphylococci (Jordens & Hall, 1988; Goering & Duensing, 1990; 
El-Adhami et al., 1991), variants of a methicillin-resistant S. aureus (Inglis et al., 
1990), methicillin and gentamicin resistant staphylococci (Mulvey et al., 1986), and 
antibiotic susceptible staphylococci (Goering & Duensing, 1990). The method has 
also been used to differentiate among E. coli isolates belonging to the same 
evolutionary lineage, that were indistinguishable by other genotypic or phenotypic 
procedures (Arbeit et al., 1990); and to the detection of genomic differences in strain 
of the genus Brucella (Allardet-Servent et al., 1988). 
The polymerase chain reaction (PCR) has also been applied to the detection of 
bacteria and other microorganisms present in small numbers in specimens. PCR 
utilizes two oligonucleotide primers that hybridize to opposite strands and flank the 
region of interest in the target DNA (Erlich, 1989). Thus, it is a procedure also based 
on synthetic oligonucleotide primers binding to a DNA target sequence, but with the 
additional feature of the synthesis of large numbers of copies of the sequence which 
are flanked by the pair of primers. The technique involves a repetitive series of cycles 
involving template denaturation, primer annealing and the extension of the annealed 
primer by a thermostable DNA polymerase. Because the primer extension products 
synthesized in one cycle can serve as a template in the next, the number of target DNA 
copies doubles approximately at every cycle. Twenty cycles of PCR theoretically 
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yields a million fold (220) amplification of the target DNA sequence (Erlich, 1989). 
The PCR technique is rapid, sensitive, and does not require large cell numbers to 
provide the target molecules. It would be particularly suited to laboratory testing 
where the detection of very small number of microorganisms in a sample is critical 
such as in food processing. To this end, PCR has been applied in the detection of 
invasive Shigellajlexneri in food samples (Lampel et al., 1990), and bacterial 
pathogens in environmental water samples (Atlas & Bej, 1990). PCR has also been 
useful in clinical DNA-based diagnosis of infectious diseases and in the identification 
in humans of genetic variation associated with diseases (Erlich, 1989). 
1.6 Aim and Experimental Strategies 
Considering the public health hazards posed by enterotoxigenic staphylococci, 
and the problems with current methods for the detection of enterotoxins in food 
implicated in outbreaks of staphylococcal food poisoning, more reliable and faster 
testing methods would be useful. Only recently have molecular genetic methods been 
applied to epidemiological studies involving pathogenic microorganisms; techniques 
based on this approach need to be thoroughly evaluated in order to determine their 
potential as diagnostic and epidemiological tools. 
The aim of this project therefore was to explore DNA hybridization with 
synthetic oligonucleotide probes as a method for establishing the toxigenicity of 
staphylococci. To do this, the published nucleotide sequences of the characterized 
enterotoxin genes were collected and compared using sequence analysis programmes. 
From this, oligonucleotide probes (17-18 nucleotides long) unique to each of the five 
major enterotoxin genes were designed. The three sec genes were treated as a single 
group because of the high degree of similarity (97-98o/o) between them. Due to 
possible differences in codon usage in the synthesis of enterotoxin polypeptides in 
different staphylococcal isolates, the probes were synthesized as mixtures of 
oligonucleotides, constructed from a consideration of the most frequently used codons 
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(> 15%) for each amino acid represented in the oligonucleotides . Using these probes, 
the total DNA from a collection of wild S. aureus isolates were screened for 
enterotoxin genes. 
The scope of this project was initially planned to include the application of the 
polymerase chain reaction, as a potentially more rapid and sensitive approach for 
detecting enterotoxin-producing staphylococci. However, while work described in 
this thesis was in progress, the existence of a silent, variant enterotoxin gene was 
reported (as discussed earlier) which was in conformity with my early data. Thus, 
there was little reason to use the PCR method because of the likelihood of obtaining 
both inactive and active enterotoxin gene sequences as PCR products. 
The second question addressed in this study was to determine whether 
enterotoxin gene sequences carried by the isolates were expressed in cultures. These 
assays were carried out to assist in the interpretation of results obtained from DNA 
hybridization analyses, and involved immunoassays of culture filtrates for enterotoxins 
A-D. Toxin production during the active and stationary growth phases of 
enterotoxigenic staphylococci was also studied to determine whether toxin production 
was greater in actively growing or in stationary phase cells . 
Finally, a group of toxin producing isolates were examined for overall genomic 
similarity (clonality) using RFLP analysis of their DNA by pulsed field gel 
electrophoresis of Smal digested fragments of the intact genome, and by probing these 
fragments to identify which of them carried the enterotoxin genes. 
CHAPTER 2 
COMPARISON OF STRUCTURAL GENES FOR STAPHYLOCOCCAL 
ENTEROTOXINS BASED ON NUCLEOTIDE AND DERIVED AMINO 
ACID SEQUENCES 
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2.1 Introduction 
The amino acid sequences for the seven staphylococcal enterotoxins and the 
nucleotide sequences for their corresponding genes have been reported (Chapter 1). 
The structural genes range in size from 771 to 798 bp and encode mature proteins 
which are 228 to 239 amino acid residues long (Table 2.1 ). Previous studies and 
analysis of nucleotide and derived amino acid sequences of staphylococcal enterotoxin 
genes have been incomplete (Betley & Mekalanos, 1988; Couch et al., 1988; Iandolo, 
1989; Bayles & Iandolo, 1989; Hovde et al., 1990; Marrack & Kappler, 1990). None 
of the published reports contained a comparison of all seven enterotoxin genes so far 
described. 
The purpose of the present analysis was to compare the seven enterotoxin 
genes and their derived amino acid sequences to determine the degree of relatedness 
between them. To achieve this, the published nucleotide and derived amino acid 
sequences of precursor proteins, mature proteins, and signal peptides were collected 
and the sequences compared using the Mac Vector Sequence Analysis system. 
2.2 Method for Sequence Comparison 
The sequences were compared using the Mac Vector Sequence Analysis 
Programme (IBI, 1989) set to hash value 5 for the nucleotide sequences , hash value 2 
for the amino acid sequences and hash value 1 for the signal peptide. The hash value 
is a measure of how long an exact match must be found between the two sequences 
before the Mac Vector will attempt to align and score that matching region (IBI, 1989). 
Thus a hash value of 5 for instance, indicates that the programme will not attempt to 
score and align a region unless it finds a five-base exact match between regions in two 
sequences. 
Sequences were aligned in all possible pairings, and the maximum match 
(defined as the largest number of nucleotides or amino acids of one sequence that can 
Table 2.1 Sequence sizes of staphylococcal enterotoxin 
genes and derived amino acids 
Toxin 
SEA 
SEB 
SECl 
SEC2 
SEC3 
SEO 
SEE 
Size of gene 
(bp) 
771 
798 
798 
798 
798 
774 
771 
Precursor polypeptide 
(amino acids) 
257 
266 
266 
266 
266 
258 
257 
Mature toxin 
( amino acids) 
233 
239 
239 
239 
239 
228 
230 
References for nucleotide and derived amino acid 
sequences : SEA, Betley & .M2kalanos, 1988; SEB, Jones & 
Khan, 1986; SECl , Bohach & Schlievert, 1987; SEC2, Bohach 
& Schlievert, 1989; SEC3, Hovde et al ., 1990; SED, Bayles 
& Iandolo, 1989; SEE, Couch et al ., 1988 . 
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be matched with those of a second sequence while allowing for all possible 
interruptions in either of the sequences) was determined by manually counting similar 
nucleotides or amino acids and then calculating the percentage similarity. 
2.3 Results and Discussion 
Results obtained for the nucleotide sequences of the structural genes and 
derived amino acid sequences for the precursor polypeptides, the mature toxins and 
signal peptides (the latter cleaved from the precursor to generate the mature toxin) for 
the seven staphylococcal enterotoxins are shown in Tables 2.2-2.5. The results were 
in agreement with the relevant results of other authors who carried out limited 
sequence comparisons (Couch et al., 1988; Iandolo, 1989; Hovde et al., 1990), and 
revealed that considerable sequence similarity existed among the genes and molecules. 
The three sec genes had the highest similarity with 97-98% nucleotide sequence 
similarity. They were most closely related to seb with 74-76% sequence similarity. 
These four genes (seb, secl, sec2, and sec3) in turn shared the same similarity (56%) 
with sed. The genes sea and see were closely related to each other, with 84% 
similarity, and both of these showed the same similarity (63%) to sed. The gene sed 
appeared to be least related to the two groups containing the other enterotoxin genes 
and it has been speculated that it may have a more ancient evolutionary position 
amongst all the toxins and might have been a common precursor for the other 
enterotoxins (landolo, 1989). Individually, the genes that showed the least similarity 
with each other were sea and seb with 51 % nucleotide sequence similarity. 
The seven genes encode protein products with degrees of relatedness to one 
another similar to that shared between their respective genes. However, the proteins 
showed lower percentage similarities to each other than their respective genes (Tables 
2.2 and 2.3). This is different from most gene families where the nucleotide sequence 
similarities are usually lower than the sequence similarities at the amino acid level. 
This is the normal consequence of the accumulation of silent mutations seen at the 
Table 2.2 Nucleotide sequence comparison of structural genes for 
staphylococcal enterotoxins 
Toxin gene sea seb secl sec2 sec] sed see 
sea 100 51 52 52 52 63 84 
seb 100 75 74 76 56 53 
secl 100 98 97 56 55 
sec2 100 98 56 55 
sec] 100 56 54 
sed 100 63 
see 100 
Table 2.3 Amino acid sequence comparison of precursor polypeptides for 
staphylococcal enterotoxins 
Toxin SEA SEB SECl SEC2 SEC3 SEO SEE 
SEA 100 32 28 30 30 51 83 
SEB 100 68 67 70 35 32 
SECl 100 97 94 33 31 
SEC2 100 96 33 32 
SEC3 100 32 33 
SEO 100 54 
SEE 100 
Values are% sequence similarity 
Table 2.4 Amino acid sequence comparison of mature staphylococcal 
enterotoxins 
Toxin SEA SEB SECl SEC2 SEC3 SED SEE 
SEA 100 34 29 32 32 52 82 
SEB 100 67 66 67 38 33 
SECl 100 97 96 32 30 
SEC2 100 98 33 32 
SEC3 100 33 32 
SED 100 54 
SEE 100 
Table 2.5 Amino acid sequence comparison of signal peptides for 
staphylococcal enterotoxins 
Toxin SEA SEB SECl SEC2 SEC3 SED SEE 
SEA 100 15 19 19 15 33 85 
SEB 100 78 78 96 30 37 
SECl 100 100 78 30 30 
SEC2 100 78 30 30 
SEC3 100 30 37 
SED 100 48 
SEE 100 
Values are% sequence similarity 
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nucleotide sequence level, but not expressed as amino acid changes. Thus, the 
enterotoxin genes appear to vary in such a way as to generate non-synonymous 
substitution (amino acid change) more frequently than synonymous (silent) 
substitutions. 
The greater variation that exists between these proteins than their respective 
genes could indicate strong selection for antigenic variation among these proteins (i.e., 
positive Darwinian selection). This can be understood in terms of recent observations 
about the interaction of these "super-antigens", as the staphylococcal enterotoxins have 
been called, with the mammalian immune system. It is thought that the toxin 
molecules interact with major histocompatibility complex (MHC) class II molecules for 
presentation to the T cell antigen receptor (Marrack & Kappler, 1990; Johnson et al., 
1991). The result of this is a massive stimulation of certain sub-classes of T cells, and 
in turn the extensive prcxluction of cytokines such as interleukin-2 (IL-2), tumour 
necrosis factor and leukokines. IL-2 administration, in cancer therapy for example, is 
known to have as side effects malaise, fever, nausea, vomiting and diarrhoea, 
symptoms very similar to those of staphylococcal food poisoning. 
Antigenic variation among the staphylococcal enterotoxins may be a 
consequence of selection processes acting in staphylococcal populations in response to 
variation in the host MHC system. The MHC system is highly polymorphic and the 
mechanism of generation and maintenance of this polymorphism remains controversial 
(Hughes et al., 1990). Recent studies provide evidence that MHC polymorphism is 
maintained mainly by positive selection that operates on the antigenic recognition site 
(ARS) of the MHC molecule. This generates greater allelic diversity of antigen-
binding capacity which in tum would result in greater disease resistance in the host 
(Hughes et al., 1990). Staphylococcal enterotoxin variation is then an outcome of 
positive selection for allelic diversity in the pathogen's toxins (and other virulence 
factors, presumably), and thus for a high level of non-synonymous substitution (and 
possibly recombination also) among the enterotoxin genes (consistent with 
preservation of the mode of action of the toxins). 
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The enterotoxins show significant sequence similarity to the C-terminal end of 
human and mouse invariant chain (Marrack & Kappler, 1990). Invariant chain is a 
polypeptide that associates with MHC nascent class II molecules to protect against 
endogenous polypeptide binding until the class II region is exposed at the surface of 
the cell. This sequence similarity between invariant chain and the enterotoxins is 
reflected in experimental measurements of the tight binding of staphylococcal 
enterotoxins to the MHC class II molecules on antigen presenting cells (Marrack & 
Kappler, 1990). 
Within the enterotoxins, two stretches of amino acids appear to be more 
conserved than other regions. They are residues 104 to 115 and 143 to 156 of the 
mature toxin, reference toxin SEA (Fig. 2.1). Early studies on chemical modification 
of amino acid in the enterotoxins showed that histidine and methionine residues 
respectively are important parts of the active sites of SEA and SEB, acting as emetic 
agents (Chu & Bergdoll, 1969; Stelma & Bergdoll, 1982). One methionine and one 
histidine residue was found within the conserved regions of the mature enterotoxins 
(Fig. 2.1, SEA residues 107 and 114 respectively). These residues are conserved in 
all the enterotoxins except SED in which the methionine residue is replaced with a 
threonine residue. Thus, the conserved regions of the toxins may include the crucial 
amino acid residues required for the common biological activities among the toxins -
(Betley & Mekalanos, 1988). Similarly, non-conserved regions within the genes may 
indicate determinants of antigenic distinctiveness in each toxin (Marrack & Kappler, 
1990). 
The pattern of relatedness between the signal peptides of the enterotoxins 
differs from the pattern of relatedness exhibited by the nucleotide and amino acid 
sequences (Table 2.5). The signal peptides of SECl and SEC2 are identical; however, 
the signal peptide of SEC3 has only 78% similarity with the signal peptides of SECl 
and SEC2 but has 96% similarity with the signal peptide of SEB (Table 2.5). The fact 
that mature SEC3 is more closely related to SECl and SEC2 than to SEB supports the 
idea that the enterotoxin family has arisen through divergence from an ancestral toxin 
Fig. 2.1 Amino acid sequence comparison of mature form of SEA with other 
staphylococcal enterotoxins. The residue that a given protein has in common with 
SEA is shown as A, while vindicates a mismatch. A dash is introduced for optimal 
alignment; while two vertical lines with amino acid(s) over the top indicates exclusion 
of the amino acid(s) indicated from the comparison. 
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molecule, followed by subsequent recombination between the divergent genes (Hovde 
et al., 1990). Overlaid on this general picture is the antigenic variation referred to 
earlier. Further work may indicate a polyclonal or polymorphic character of 
enterotoxin gene populations. 
Sequence analysis of the enterotoxin genes provides a basis for choosing 
unique oligonucleotides from each of the five major enterotoxin genes, on the basis of 
which mixtures of oligonucleotide probes reflecting codon preference in enterotoxin 
synthesis can be designed (Chapter 3). The collected data may also help in tracing the 
evolutionary relationship between this group of genes, and also serve as a basis for 
future studies on structure-function relationships of the staphylococcal enterotoxins 
and the related pyrogenic toxins. Since the amino acid sequences of all seven 
enterotoxins and the nucleotide sequences of their genes are known, introduction of 
specific mutations into each toxin, followed by physiological and immunological 
testing of the altered protein, should permit the specific identification of amino acids 
determining the toxicity of the molecules, and their antigenic variability. 
CHAPTER 3 
OLIGONUCLEOTIDE PROBES FOR DETECTING ENTEROTOXIN-
PRODUCING STAPHYLOCOCCI 
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3.1 Introduction 
Detection of staphylococcal enterotoxin in an implicated food sample is the 
evidence currently used to confirm an outbreak of staphylococcal food poisoning. 
Immunoassays of food extract or culture filtrate of suspect strain is the most generally 
used method for detecting staphylococcal enterotoxin (Hajek & Marsalek, 1973; Miller 
et al., 1978; Garcia et al., 1980; Mauff et al., 1983; Wieneke & Gilbert, 1987; Bautista 
et al., 1988; Fujikawa & Igarashi, 1988). Alternative techniques for identifying 
enterotoxigenic staphylococci are technically possible using DNA hybridization and 
amplification assays, whereby the presence of DNA sequences encoding the toxins are 
detected. Considerable effort has been applied to developing rapid techniques of this 
sort for the detection of enterotoxigenic staphylococci (Betley & Mekalanos, 1988; 
Notermans et al., 1988; Neill et al., 1990). 
Among the techniques based on DNA hybridization assays are Southern blot, 
dot or spot blot, and in situ hybridization analysis (Goltz et al., 1990). In Southern 
blot assays, specimen DNA is isolated and purified prior to restriction endonuclease 
digestion, separation of digestion products by electrophoresis on agarose gel, 
denaturation of the DNA and transfer of the denatured DNA fragments to a membrane 
filter. The DNA bound to membrane filter is then hybridized with radioactively 
labelled probe (Southern, 1975). The Southern blot procedure provides a considerable 
amount of information about the genetic contents of an organism. The dot-blot 
procedure also requires that specimen DNA be isolated and purified before being 
denatured and transferred to a membrane filter. The spot-blot assay is similar to the 
dot-blot assay, except that specimens or specimen lysates are directly applied to the 
membrane filter without prior extraction of their DNA (Goltz et al., 1990). The dot 
and spot blot assays do not provide much information on the genetic content of an 
organism like the Southern blot, however, they are relatively easier to perform 
especially the spot blot assay which allows many different samples to be processed at 
one time. In in situ hybridization, the DNA in the cells of a fixed tissue section or in 
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fixed cultured bacterial or animal cells are hybridized to DNA probes directly on a 
microscope slide, thus retaining cellular morphology (Goltz et al., 1990). 
These methods are all based on the same underlying principle, the 
complementarity of related single-stranded molecules of nucleic acid. DNA 
hybridization analysis utilizes either cloned or synthetic DNA probes (the latter 
constructed from a knowledge of the nucleotide sequence of the gene of interest), and 
the methods usually used for labelling the probes are nick translation of long (>500 
bp) fragments, and end-labelling of short (<500 bp) polynucleotide and 
oligonucleotide fragments (Echeverria et al., 1990). 
In this study, I have examined the use of mixed oligonucleotides as probes for 
detecting enterotoxin genes. Mixed oligonucleotide probes unique to the five major 
types of enterotox.in genes were synthesized (the three sec genes were treated as a 
single group because of the high degree of similarity between them; Chapter 2), 
labelled isotopically, and used to probe Hindill digests of DNA from non-clinical 
isolates of Staphylococcus aureus. Expression of enterotox.in A-D genes was also 
tested, by immunoassay of culture filtrates of isolates using a commercial 
staphylococcal enterotox.in-reverse passive latex agglutination (SET-RPLA) test kit. 
3.2 Materials and Methods 
3.2.1 Bacterial Strains and Plasmids 
27 non-clinical isolates of S. aureus were isolated from nasal swabs of 7 4 
healthy human volunteers (staff and student members of the Division of Biochemistry 
and Molecular Biology, Australian National University, Canberra) by plating onto 
mannitol salt agar (Oxoid), and testing mannitol fermenters for coagulase production 
and lysostaphin sensitivity. Isolates were tested for antibiotic susceptibility as 
described in Appendix 1. Recombinant plasmid pIB489 carrying sed on a 1.3 kb 
HindIII fragment in pUC18 (from J. Iandolo, Division of Biology, Kansas State 
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University) was used for comparison with the oligonucleotide probe directed at sed. 
pXB 1.7 carrying seb on a 1.7 kb Xbal fragment in pGEMl was obtained by 
subcloning from the recombinant plasmid pSK401 (Appendix 2) carrying seb on a 6 
kb Hindlll fragment in pUC19 (from S. Khan, Department of Microbiology, 
Biochemistry and Molecular Biology, School of Medicine, University of Pittsburg), 
and used for comparison with oligonucleotides directed at seb. 
3.2.2 DNA Preparation and Endonuclease Digestion 
Total cell DNA from S. aureus was obtained by growing cells in 20 ml Luria 
broth with 1 % glucose at 37°C overnight with shaking. The cells were harvested by 
centrifugation at 12,000g for 3 min, and washed twice in 10 ml TES (30 mM Tris pH 
7.8, 50 mM NaCl, 5 mM EDTA), then resuspended in 2.5 ml TESS (TES+ 2.5 M 
NaCl). Lysostaphin (30 µg/ml) was added and the suspension was incubated at 37°C 
for 1 h. Sarcosyl (0.75 ml of 10% w/v) and EDTA (0.63 ml of 0.5 M) were added 
and the suspension was incubated at 65°C for 20 min. Then 1 ml TE (10 mM Tris, 1 
mM EDTA, pH 8.0) and 4.8 ml Tris-(pH 7.8) equilibrated phenol were added to the 
mixture and shaken gently at room temperature for about 10 min. The suspension was 
centrifuged at 27,000g for 15 min. The phenol phase was re-extracted with 4 ml TE 
and the aqueous phases from the two extractions were combined. Two volumes of 
cold ethanol were added to the combined aqueous phase and the mixture was stirred 
gently with a sterile spatula. The precipitated nucleic acid was collected on the spatula, 
rinsed with 70% ethanol and transferred to an Eppendorf tube. The DNA was dried 
briefly under vacuum and dissolved in 500 µl TE with RN Aase 50 µg/ml by 
incubating for 1 hat room temperature or at 4°C overnight with gently repeated 
inversion (30 min incubation at 37°C was carried out if the dissolution was at 4 °C 
overnight, to pennit RNA digestion). The DNA was then layered onto 3.8 ml 1 M 
NaCl, 20 mM Tris pH 8.0 and centrifuged in a Beckman SW60 rotor at 20°C for 2 h 
at 58,000 rpm. The pelleted DNA was redissolved in 500 µl TE by gentle repeated 
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inversion of the tube at 4°C overnight yielding approximately 100-300 µg DNA. 
DNA (1 µg) from each isolate was digested with HindIII enzyme according to the 
supplier's recommendation, electrophoresed through 1 % agarose gel in 1 x T AE (0.04 
M Tris-acetate, 0.002 M EDTA, pH 8.3) buffer and blotted onto membrane filters. 
Lambda DNA digested with Hind.III and end-labelled with 32P-dCTP was used as 
molecular size marker (Appendix 3). 
Recombinant plasmid DNA was prepared from Escherichia coli by the alkaline 
lysis method (Maniatis et al., 1982). 
3.2.3 DNA Transfer to Membrane Filter 
The gel (9 x 12 cm) was soaked in two volumes of 0.25 M HCl (1 x 10 min 
and 1 x 5 min) with gentle agitation, rinsed in distilled water and soaked in two 
volumes of 0.4 M NaOH (1 x 15 min and 1 x 20 min). Nylon membrane (Hybond-
N+, Amersham) was cut to about 0.5 cm oversize compared with the gel, soaked in 
water until completely wet and then in transfer solution (10 mM NaOH) for at least 5 
min. The denatured DNA was transferred under light pressure in 10 mM NaOH by 
the method described by Maniatis et al. (1982). Transfer was continued overnight and 
the membrane was then rinsed briefly in 2 x PE, 0.1 % SDS (PE is 0.133 M 
NaH2P04, 0.001 M EDTA, pH 6.9). The membrane was then blotted dry, sealed in 
plastic and held at 4 °C until probed. 
3.2.4 Oligonucleotide Probes 
The nucleotide sequences of the oligonucleotide probes used in this work were 
derived from published nucleotide sequences for staphylococcal enterotoxin genes (see 
Chapter 1). In synthesizing the oligonucleotides two considerations were taken into 
account. Firstly, sequences were sought (17-18 nucleotides long) which were unique 
to the different enterotoxin genes to avoid hybridization of a particular probe to a gene 
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sequence other than that at which it was aimed. However, sec], sec2, and sec3 which 
have such high degrees of sequence similarity (Chapter 2) were considered as one, 
referred to as sec. Secondly, inspection of the nucleotide sequences for all seven 
genes indicates variation in codon usage (Table 3.1). As a consequence, probes 
synthesized as a single molecular (sequence)speciescould not accommodate variation in 
codon usage among the range of DNA samples probed. To overcome this, probes 
were synthesized as mixtures of molecules which reflected third base nucleotide 
differences in codons for those codons which were represented 15% or more in these 
seven genes (Table 3.2). 
However, the following exceptions were observed: firstly, all codons 
originally present in the published genes were included in each probe mixture, 
irrespective of their frequency of occurrence. Secondly, the amino acids which are 
encoded by six different codons (serine and arginine) had first, second, and third base 
position differences which were not fully accounted for in designing the probes, 
because to have done so would mean synthesizing such complex probe mixtures that 
their efficacy would be doubtful. 
Two sets of oligonucleotides were synthesized from different segments of the 
genes sea (referred to as oligo Al and A2), seb (referred to as oligo B 1 and B2), and 
sec (referred to as oligo Cl and C2), while one set of oligonucleotides was 
synthesized for the genes sed (oligo D) and see (oligo E). 
The probes were synthesized at the Biomolecular Resource Facility of the John 
Curtin School of Medical Research, Australian National University, Canberra using an 
automated DNA synthesizer (model 380B; Applied Biosystems) with ~-cyanoethyl 
phosphoramidite coupling method. After synthesis, the probes (in Nl-I40H) were 
dried under vacuum to remove the solvent. The pelleted probes were redissolved 
twice in sterile distilled water, dried under vacuum and finally redissolved in TE 
(Sambrook et al., 1989). The hybridization temperature (Th) range for each 
oligonucleotide (Table 3.3) was calculated using the formula [2(A + n + 4(G + C) -
5]°C (Sambrook et al., 1989). 
Table 3 . 1 Codon usage in staphylococcal enterotoxin genes 
Amino acid Codon Gene Average 
occurrence 
sea seb secl sec2 sec3 sed see 
Alanine GCA 22 57 67 75 75 50 50 57 
GCT 56 43 22 25 25 25 25 32 
GCG 11 0 11 0 0 13 13 7 
GCC 11 0 0 0 0 13 13 5 
Arginine AGA 43 33 50 50 60 14 43 42 
CGA 29 33 25 25 0 29 14 22 
AGG 14 0 25 25 20 29 29 20 
CGT 14 17 0 0 20 0 0 7 
CGC 0 0 0 0 0 29 0 4 
CGG 0 17 0 0 0 0 14 4 
Asparagine AAT 75 71 64 64 63 81 89 72 
AAC 25 29 36 36 38 19 11 28 
Aspartic acid GAT 88 71 74 75 76 89 100 82 
GAC 12 29 26 25 24 11 0 18 
Cysteine TGT 100 100 33 33 50 100 86 72 
TGC 0 0 67 67 50 0 14 28 
Glutamic acid GAA 73 67 71 64 69 82 64 70 
GAG 27 33 29 36 31 18 36 30 
Glycine GGT 56 44 29 36 36 46 33 40 
GGA 19 44 43 43 43 46 22 37 
GGC 13 0 21 14 14 0 33 14 
GGG 13 11 7 7 7 8 11 9 
Histidine CAT 83 66 50 50 50 66 80 64 
CAC 17 33 50 50 50 33 20 36 
Isoleucine ATA 36 43 50 50 43 58 46 47 
ATT 36 57 50 50 57 26 34 44 
ATC 27 0 0 0 0 16 20 9 
Lysine AAA 85 76 75 77 74 91 56 76 
AAG 15 24 25 23 26 9 44 24 
Phenylalanine TTT 90 86 85 92 92 83 56 83 
TTC 10 14 15 8 8 17 44 17 
Proline CCA 40 43 57 57 57 50 67 53 
CCT 40 43 29 29 29 33 0 29 
CCC 0 14 14 14 14 17 0 10 
CCG 20 0 0 0 0 0 33 8 
Serine AGT 23 19 35 33 33 28 29 29 
TCT 31 44 24 22 28 50 0 28 
TCA 15 13 29 33 33 11 14 21 
AGC 15 6 6 6 0 6 43 12 
TCC 0 0 6 6 6 6 14 5 
TCG 15 19 0 0 0 0 0 5 
Threonine ACA 55 14 56 53 56 39 41 45 
ACT 18 64 31 29 31 46 18 34 
ACG 23 21 13 18 13 0 29 17 
ACC 5 0 0 0 0 15 12 5 
Tyrosine TAT 89 77 82 83 84 75 55 78 
TAC 11 23 18 17 16 25 45 22 
Valine GTA 43 28 43 45 43 39 25 38 
GTT 43 44 33 30 33 46 33 37 
GTG 14 22 19 20 19 0 33 18 
GTC 0 6 5 5 5 15 8 6 
Values are % occurrence . 
Only those amino acids represented in oligonucleotide probes (Table 
3 . 2) are shown. 
Table 3.2 Oligonucleotide probes 
Probe 
Oligo Al 
Oligo A2 
Oligo Bl 
Oligo B2 
Oligo Cl 
Oligo C2 
Oligo D 
Oligo E 
Mixed sequence 
5 '-TACAGAACCTTCGGTTAA-3 ' 
T G A T A 
G A 
5'-TGTGCGGGTGGTACACCA-3' 
C T A A T 
A G 
5'-GAAGTATTACTGTTCGGG-3' 
A A A A 
G G 
5'-GTAGATGTGTTTGGAGCT-3' 
T C T C T 
G A 
5'-GGTAAAGTTACAGGTGG-3' 
A G A T A 
G G 
5'-ACCACTTTGATAATGGG-3' 
T C C C 
5'-GTCACTCCACACGAAGG-3' 
T A T T G 
A G 
G 
5'-GAAGGGTCCACGGTAAG-3' 
G T T T T 
A A A G 
*sec refers to secl, sec2, and sec]. 
Gene location 
(Position) 
sea (639-656) 
sea (358-375) 
seb (713-730) 
seb (568-585) 
*sec (385-401) 
* sec ( 443-459) 
sed (406-422) 
see ( 640-656) 
The number of base(s) inserted at each codon third 
position is indicated by 1,2,3 or 4 line(s) of base(s). 
Table 3.3 Hybridization temperature ranges ( '.Ih) for 
oligonucleotide probes 
Oligonucleotide (A + T) (G + C) *7h 
Oligo Al : max . 9 9 49 
. 12 6 43 min . 
Oligo A2 : max . 5 13 57 
• 8 10 51 min . 
Oligo Bl : max . 8 10 51 
. 11 7 45 min . 
Oligo B2 : max . 7 11 53 
I 11 7 45 min. 
Oligo Cl : max . 6 11 51 
. 9 8 45 min . 
Oligo C2 : max . 7 10 49 
. 11 6 41 min . 
Oligo D: max . 5 12 53 
I 9 8 45 min . 
Oligo E: max . 5 12 53 
I 10 7 43 min . 
*7h : [2(A + T) + 4(G + C) - 5JOC 
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3.2.5 Labelling of Probes 
Oligonucleotides were 5'-labelled using T4 polynucleotide kinase (Pharmacia) 
and [y-32p] ATP (Bresatec). For each reaction, 10-20 pmol of oligonucleotide was 
mixed with 3 µl 10 x kinase buffer (0.5 M Tris-Cl, pH 7.6, 0.1 M MgCl2), 1 µl 0.1 
M dithiothreitol (DTI), 1 µl 0.1 M spermidine, 3 µl bovine serum albumin (BSA) (1 
mg/ml), water to 25 µl, and 4 µl 10 mCi/ml [y-32p] ATP (specific activity 4000 
Ci/mmole). A trace sample (approximately 0.2 µl) was removed for PEI-cellulose 
paper chromatography, following which 1 µl of polynucleotide kinase (10 units) was 
added to the mixture. The mixture was incubated at 37°C for 30 min and a second 
trace sample was removed for PEI-cellulose paper chromatography to check for 
incorporation of 32p. The PEI was dried and chromatographed in 0.75 M K3P04 
(pH 3.5), dried and exposed to X-ray film for 20 min. The reaction was stopped with 
3 µl 10 x stop buffer (0.125 M EDTA, 5% SDS) when the extent of labelling of the 
oligonucleotide was satisfactory (>50% of isotope incorporated), and the probe held at 
4°C. 
3.2.6 Hybridization and Autoradiography 
Membrane filters with bound DNA were incubated in 15 ml of prehybridization 
solution containing 5 x PE, 1 % BSA (in 0.02% sodium azide), and 7% SDS for 4 to 6 
hat the minimum Th calculated for each probe (Table 3.3). The labelled probe was 
mixed with 15 ml of fresh prehybridization solution (pre-warmed to the hybridization 
temperature) and the filter transferred into this. Hybridization was allowed to proceed 
for at least 16 h (Miyada & Wallace, 1987) at the temperature used in prehybridization. 
After hybridization, filters were rinsed in 3 x SSC (SSC is 0.15 M NaCl, 0.015 M 
Na3citrate.2H20, pH 7.0), washed twice for 10 min in 5 x SSC, 0.1 % SDS at room 
temperature, and for 30 min in 5 x SSC, 1 % SDS at the minimum and maximum Th 
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calculated (Table 3.3) for each oligonucleotide, and at a temperature which was the 
mean of these. After each of these washes, the filters were rinsed briefly in 2 x SSC, 
0.1 % SDS at room temperature and exposed to Kodak X-AR-5 films at -70°C with 
intensifying screens. 
3.2.7 Immunoassay for Enterotoxins 
All isolates were tested for enterotoxins A, B, C and D production during the 
stationary phase of growth using the SET-RPLA system (manufactured by Denka 
Seiken Ltd for Unipath Ltd, Hampshire and supplied by Oxoid). Each isolate was 
inoculated into TSB (Oxoid CM129) and incubated at 37°C with shaking for 23-24 h. 
Cell-free filtrate was obtained from the broth culture by filtration through a 0.2 µm low 
protein-binding filter (Millipore SLGV) and the filtrate was assayed for enterotoxins 
according to the RPLA system instructions. 
3.3 Results 
3.3.1 Resistance Phenotypes of the Isolates 
The isolates were predominantly antibiotic sensitive; however, 24 of the 27 
isolates were resistant to penicillin, seven were resistant to cadmium chloride, two 
were resistant to erythromycin, two to mercuric chloride, one to tetracycline and one to 
kanamycin. 
3.3.2 Oligonucleotide Probing of Genomic DNA 
In order to identify DNA fragments carrying the enterotoxin genes, cellular 
DNA extracted from the isolates was cleaved with restriction endonuclease Hindill 
(the recombinant plasmid DNA carrying seb or sed was also linearized with the same 
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enzyme), electrophoresed in 1 o/o agarose gel and transferred to membrane filters . 
Hybridizations were carried out at the minimum Th calculated for each probe so as to 
allow the oligonucleotides with the lowest G+C content to hybridize efficiently 
(Sambrook et al., 1989), since it is impossible to predict which oligonucleotide in the 
mixture will match the target sequence. All hybridizations were allowed to proceed for 
at least 16 h, to ensure maximum opportunity for oligonucleotide matching during 
hybridization (Miyada & Wallace, 1987). 
The recombinant plasmid DNA carrying the genes seb or sed hybridized with 
the respective probes designed to detect the genes, and their radioactive signals were 
stable at the highest temperature wash for each probe. Two sets of oligonucleotide 
probes were synthesized to detect each of the genes sea, seb and sec, because it was 
noted that when the first set was used, hybridization results did not correlate with toxin 
production, as described below. Autoradiographs obtained from hybridization 
analyses of some representative isolates with the probes, oligo A 1 and A2 designed to 
detect the gene sea are shown in Figs. 3.1 (b) and 3.2 respectively. The 
autoradiographs were those derived after the filters had been washed at the maximum 
Th calculated for the respective probes. One of the probes (oligo Al) hybridized with 
DNA from more isolates than the other (oligo A2). However, the DNA fragments that 
hybridized with oligo A2 also hybridized with oligo Al, but two isolates (C019 and 
C025) showed double bands with oligo Al and a single band each with oligo A2 
(Table 3.4). Similar hybridization patterns were obtained with the probes, oligo Cl 
and C2 designed to detect the gene sec (Figs. 3.3 (b) and 3.4 (b)). With the probes, 
oligo B 1 and B2 designed to detect seb, oligo B2 hybridized with DNA from more 
isolates than oligo Bl; however, DNA from only one isolate (C018) hybridized with 
both probes at the same fragment, the others being positive for either oligo B 1 or B2 
(Table 3.4). 
DNA fragments from each of the 27 isolates examined hybridized with one or 
more probes; nine isolates hybridized with probes for four different toxin genes (Table 
3.4). None of the isolates hybridized with the oligo E probe. Fragments ranging in 
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Fig. 3.1 Southern hybridization analysis with oligo A 1 probe. (a) Agarose 
gel electrophoresis of S. aureus cellular DNA after digestion with Hind.III. Lanes: 1, 
C025; 2, C023; 3, C019; 4, C012; 5, COl; 6, COlO; 7, C015; 8, C07; 9, C020; 
10, molecular size marker (A DNA, digested with HindIII) with sizes in kb. (b) 
Autoradiograph of gel after transfer to nylon membrane, hybridization with 32p_ 
labelled oligo Al and washing of membrane at 49°C (the maximum Th calculated for 
oligo Al). Lanes 1 to 4 (showing less hybridized probe) contain DNA from SEA-
producing isolates, while lanes 6 to 9 (showing greater hybridized probe) contain 
DNA from non-SEA producers . 
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Fig. 3.2 Southern hybridization analysis with oli go A2 probe. 
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Autoradiograph was obtained following hybridization of the same membrane used in 
Fig. 3.1 with 32P-labelled oligo A2 and washing of membrane at 57°C (the maximum 
Th calculated for oligo A2). 
Table 3 . 4 Probe reactivity and toxigenicity of Staphylococcus aureus isolates 
Isolate Hybridization to probe : *Toxin(s) 
roduced 
Olig:o Al Olig:o A2 Olig:o Bl Olig:o B2 Olig:o Cl Olig:o C2 Olig:o D 
COl - - - - - + 
CO2 + - - + - + 
C03 + - - - - + 
C04 +, + - - + - + 
cos + - - - - + 
C06 - - + 
C07 +, + - - + + +, + - SEC 
cos +, + - - + + +, + - SEC 
C09 - - - - - + + SED 
COlO + - - - + + - SEC 
COll + + - + - + - SEA 
C012 + + - + - + - SEA 
C013 + + - + - + - SEA 
C014 - - - - - + 
C015 + - - - - + + SED 
C016 + + - + - + - SEA 
C017 - - - - + +, + - SEC 
C018 + - + + - + - SEB 
C019 +, + + - - - + - SEA 
C020 + - - - + + 
C021 + - - - - + 
C022 + - - + - + 
C023 + + - - - + - SEA 
C024 + - - - - + 
C025 +, + + - - + +, + - SEA & SEC 
C026 + - - + + +, + - SEC 
C027 + - - - - + 
Results are those obtained at the maximum temperature wash for each probe (Table 3.3). 
+ indicates presence of one hybridizing fragment; + , + indicates two hybridizing fragments; and - indicates 
no hybridizing fragment or no toxin detected. 
* Toxin production in stationary phase cultures measured by immunoassay, indicates that the enterotoxin 
gene is expressed in culture. 
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Fig. 3.3 Southern hybridization analysis with oligo Cl probe. (a) Agarose 
gel electrophoresis of S. aureus cellular DNA after digestion with HindlII. Lanes: 1, 
C025; 2, C026; 3, C017; 4, C08; 5, COlO; 6, CO2; 7, C03; 8, C020; 9, COS; 10, 
molecular size marker (A DNA, digested with Hindill) with sizes in kb. (b) 
Autoradiograph of gel after transfer to nylon membrane, hybridization with 32p_ 
labelled oligo Cl and washing of membrane at 51 °C (the maximum Th calculated for 
oligo Cl). 
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Fig. 3.4 Southern hybridization analysis with oligo C2 probe. 
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Autoradiographs, (a) and (b) were obtained after hybridization of the same membrane 
used in Fig. 3.3 with 32P-labelled oligo C2 and washing of membrane at 41 °C and 
49°C respectively (the minimum and maximum Th calculated for oligo C2). 
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size from one to 10 kb hybridized with the various probes in different isolates. Two · 
different probes, oligo B 1 (Fig. 3.5) and oligo D (Fig. 3.6) hybridized with identical 
sized fragments. However, this was the only instance of this occurrence and may 
have been due to coincidence of size of different fragments carrying each gene, or the 
presence of the two sequences on the same fragment. Generally, multiple bands were 
observed in different isolates with each probe at the lowest temperature wash; 
however, with increasing temperature only a few bands at most remained as shown in 
Fig. 3.4 (a) and (b). 
The intensity of hybridization signals obtained with some of the probes varied 
between isolates, and was not a reflection of different amounts of DNA loaded onto 
the gel (Figs. 3.1 (a) and (b)). This may be a result of the number of specie(s) of 
oligonucleotide sequence(s) binding to the target DNA, or to the tightness of binding 
of an indi victual probe sequence, or to other less obvious explanations. 
3.3.3 Immunoassay for Enterotoxin 
The results obtained from immunoassays for toxin in stationary phase cultures 
of the isolates showed that DNA from all isolates that produced enterotoxin hybridized 
with the corresponding probes, and the hybrids were stable at the maximum 
temperature wash. Exact correlations were obtained between hybridizations with two 
of the probes, oligo A2 and D (directed at sea and sed respectively), and SEA and SED 
production (Table 3.4). With the other probes, the number of isolates that produced 
each enterotoxin was always less than the number that hybridized with the 
corresponding probe (Table 3.4). Only 15 of the 27 isolates produced enterotoxins; 
14 isolates produced one enterotoxin while one produced two different enterotoxins. 
SEA was the predominant enterotoxin found among toxin positive isolates (7 of 15). 
No assay for SEE production was carried out because antibody to this toxin was not 
available. 
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Fig. 3.5 Autoradiograph obtained in Southern hybridization analysis with 
oligo B 1 probe after hybridization with 32P-labelled oligo B 1 and washing at 51 °C (the 
maximum Th calculated for oligo B 1). Lanes: 1, C06; 2, C018; 3, pXB 1.7 
(recombinant plasmid carrying seb on a 1.7 kb Xbal fragment in pGEM 1) linearized 
with HindlII; 4, molecular size marker (A DNA digested with HindIII) with sizes in 
kb. 
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Fig. 3.6 Southern hybridization analysis with oligo D probe. (a) Agarose gel 
electrophoresis of S. aureus cellular DNA digested with HindIII. Lanes: 1, C09; 2, 
C015; 3, C06; 4, C022; 5, molecular size marker (A DNA digested with Hind.III) 
with sizes in kb. (b) Autoradiograph of gel after transfer to nylon membrane, 
hybridization with 32P-labelled oligo D and washing at 53 °C (the maximum Th 
calculated for oligo D). 
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3.4 Discussion 
Mixed sequence probes (determined approximately in accordance with codon 
usage in the staphylococcal enterotoxin genes) was used in this study in order to 
maximize the likelihood that one of the oligonucleotides in each mixture would 
correspond to the enterotoxin gene sequence in the target organism. When a mixture 
of oligonucleotides, synthesized so that two, three or four alternative nucleotides are 
inserted at the third nucleotide position, the probability of a codon match is increased 
accordingly (Lathe, 1985). This approach extends the analysis described by previous 
workers, in which single oligonucleotide probes were used to detect enterotoxin 
producing staphylococci (Betley & Mekalanos, 1988; Notermans et al., 1988; Neill et 
al., 1990). 
Mixed oligonucleotide probes have been successfully applied in other studies, 
including the isolation of specific cloned cDNA sequences for human P2-
microglobulin (Suggs et al., 1981 ); for the specific detection of cloned rabbit p-globin 
DNA sequences, under conditions where oligonucleotides with single base pair 
mismatches do not hybridize (Wallace et al., 1981); and for the isolation of human 
erythropoietin gene from a genomic phage library (Lin et al., 1985). 
The lack of correlation in some isolates between hybridization with the probes 
(oligo A 1, B 1, B2, Cl or C2) on the one hand, and enterotoxins A, B or C production 
on the other, may be accounted for in two ways . Firstly, unexpressed sequences for 
the genes sea, seb, and sec may exist; this could be a consequence of mutations in the 
structural or in the regulatory genes. The existence of a silent variant of sea referred to 
as sezA+ was reported while this work was in progress (Soltis et al., 1990). 
Nucleotide sequence analysis of sezA+ revealed a region of 771 bp that contained an 
open reading frame; this region has 85 and 75o/o nucleotide and derived amino acid 
sequence identities with sea and SEA respectively. sezA+ was shown to be 
transcribed into stable mRNA; however, this mRNA apparently was not translated into 
protein because it lacked a translation initiation codon due to a point mutation (Soltis et 
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al., 1990). Strains of S. aureus carrying non-expressed (cryptic) a-toxin gene have 
also been described recently (O'Reilly et al., 1990). The defect in a-toxin expression 
was shown to be due to a point mutation, which converted a CAG glutamine codon (in 
the reading frame) to a TAG stop codon. Inactive genes of this and the sezA+ types 
may be reactivated by mutation, recombination, insertion elements, or other genetic 
mechanisms, and these reactivated genes would then be expressed under appropriate 
conditions (Hall et al., 1983). 
The second alternative is that the immunoassay method does not detect the 
toxin produced. This would be a consequence of toxin antigenic variation, of the sort 
discussed in Chapter 2. Thus, there may be more toxins than those for which 
antibodies are available. Nevertheless, sufficient conservation of sequence could exist 
among these putative antigenic variants for hybridization to occur within the regions 
covered by the oligonucleotide probes. 
It is also possible that immunoassay failed to detect low-level enterotoxin 
production by some of the isolates. This possibility is supported by the observation in 
Chapter 4 of this thesis that marked differences exist in the levels of toxin synthesis by 
producers of the same toxin type; more than 100-fold variation was observed. This 
explanation may contain elements of the two models for differences in oligonucleotide 
probe and antibody assays advanced above. 
Discrepancies between hybridization analysis (genotype) and enterotoxin 
synthesis (phenotype) by isolates examined in this work have also been observed by 
others. Neill et al. (1990) reported 93% correlation between hybridization with 
oligonucleotide probe directed at the gene sea and SEA production measured by an 
enzyme-linked immunosorbent assay, while a lower correlation (64%) was found 
between hybridization with a probe directed at the gene sec and SEC production. In 
another study involving the screening of staphylococcal isolates for the presence of the 
gene coding for staphylococcal TSST-1, Jaulhac et al. (1991) found that 63 out of 66 
(95o/o) probe-positive strains produced TSST-1 when tested by an immunodiffusion 
methcxl; one further strain was detected as a toxin producer only after testing the 
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concentrated culture supernatant fluid for the presence of toxin. In a similar study, 
Betley & Mekalanos (1988) carried out DNA hybridization analysis to examine 
sequence homology between sea and the genes encoding the other staphylococcal 
enterotoxins; they used a cross-reacting or common oligonucleotide probe and found 
that the probe hybridized with DNA unrelated to toxin genes. This suggests that a 
single or common oligonucleotide probe is not suitable for the screening of 
enterotoxigenic staphylococci. 
My results demonstrate that oligonucleotides cannot be suitably applied at this 
stage to the specific identification of enterotoxin-producing staphylococci even when 
unique sequence probes, carrying different codon combinations, are used in DNA 
hybridization analyses. Unexpressed or mutant genes limit the use of DNA 
hybridization analysis as the basis for diagnostic tools in epidemiological studies 
involving staphylococcal food poisoning. However, the probes may be useful in 
identifying isolates carrying inactive enterotoxin genes or ones that do not produce 
readily detectable amounts of enterotoxin in culture. Likewise, it should be said that 
enterotoxin assays may have their validity limited by the extent to which they do not 
detect novel or otherwise undescribed toxin variants that may be produced by wild-
type staphylococci. 
CHAPTER 4 
PRODUCTION OF ENTEROTOXINS DURING THE EXPONENTIAL 
AND STATIONARY GROWTH PHASES OF STAPHYLOCOCCI 
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4.1 Introduction 
In the previous Chapter, the screening of staphylococcal isolates for the 
presence of the genes that encode the enterotoxins using mixed oligonucleotide probes 
was described. The production of enterotoxins A, B, C, and D in overnight cultures 
of the isolates was also outlined. Reports from earlier studies show that the 
prcxluction of a specific enterotoxin by different enterotoxigenic strains in response to 
a wide range of growth conditions varied considerably from strain to strain (Jarvis et 
al., 1973; Otero, et al., 1990). Thus, although it has been claimed that enterotoxins 
are detected in contaminated food when the bacterial population exceeds 106 cells/g of 
food (Noleto & Bergdoll, 1980; Park & Szabo, 1986; Wieneke & Gilbert, 1987), this 
figure is likely to vary according to strain. 
Enterotoxins are generally produced during both or either of the exponential 
and stationary phases of growth (Czop & Bergdoll, 1974; Ayres et al., 1980; Otero et 
al., 1990). The production of enterotoxin is influenced by culture conditions apart 
from growth phase; previous studies on the effect of some factors influencing growth 
and production of enterotoxins A, B, and C have been discussed in Chapter 1. 
Enterotoxins have been shown to accumulate during the growth phase, and to remain 
stable after 72 h of incubation in growth medium, without decrease in activity as a 
result of the action of proteases produced by the same strain of staphylococci (Jarvis & 
Lawrence, 1971). 
Because of the uncertainty concerning the extent of enterotoxin prcxluction by 
different strains, and its relationship to growth phase, the following experiments were 
designed to determine when representative isolates used in the present study produce 
toxin at the maximum level. 
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4.2 Materials and Methods 
4.2.1 Staphylococcal Strains 
The following isolates of Staphylococcus aureus which produced the 
enterotoxins indicated were studied: C07 (SEC), C09 (SED), C015 (SED), C018 
(SEB), C019 (SEA), and C025 (SEA and SEC). The presence of DNA sequences in 
the isolates hybridizing with specific oligonucleotide probes was described in the 
previous Chapter (Table 3.4). 
4.2.2 Inoculation and Measurement of Growth 
The bacterial inocula were prepared by culturing each isolate in Oxoid TSB (20 
ml in 50 ml flasks) at 37°C for 15 to 18 hon a gyratory shaker. The turbidity of the 
culture at 560 nm was measured and the cell suspension diluted in TSB (50 ml in 100 
ml flasks) to obtain the starting culture containing 104 colony formin g unit (CFU)/ml. 
The relationship of A56() to cell number was previously determined in the laboratory to 
be 1 As60 = 3 x 108 cells/ml. These cultures were incubated at 37°C on a gyratory 
shaker, and samples were aseptically withdrawn at 1 h intervals for 10 h, and at 24 h, 
for determination of the viable count of the culture and for enterotoxin analysis. The 
viable count was determined by plating ten-fold serial dilutions of the culture on TS A, 
and incubating the plates at 37°C for 18-24 h. 
4.2.3 Enterotoxin Analysis 
The amount of enterotoxin produced by the isolates was determined using the 
RPLA assay (Chapter 3) on the basis of the end point of serial two-fold di lutions and a 
sensitivity at the end-point of 0.5 ng toxin/ml (manufacturer's specification). Samples 
were assayed for enterotoxin at 4, 10, and 24 h (early exponential, late exponential, 
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and stationary phases) during growth. The test procedure was as follows: 25 µl of 
phosphate buffered saline (PBS, provided in the kit) was dispensed into wells of a 
microtitre plate. Culture filtrate was obtained by filtration of the culture through a low 
protein-binding filter (Millipore SLGV, 0.2 µm), and 25 µl of filtrate was added to the 
first well of the first row of the plate. Serial two-fold dilutions were made by serial 
transfer of 25 µl to adjacent wells, each containing 25 µl of PBS, and discarding 25 µl 
of the mixture from the last well. Latex particles carrying the desired anti-enterotoxin 
antibody was mixed thoroughly and 25 µl added to all wells. The microtitre plate was 
rocked gently to mix the contents of each well and then covered with a lid before 
incubating at room temperature for 20-24 h. The plate was then read against a dark 
background and scored positive or negative according to the agglutination reaction. 
Cell suspensions of the isolates were also assayed for enterotoxin as described 
above, to determine whether all the toxin measured was cell free and none was cell 
bound. 
Two sets of negative controls were included in each assay and consisted of 25 
µl of diluent plus 25 µl of latex particles carrying anti-enterotoxin in one well, and 25 
µl of specimen (1/2 dilution) plus 25 µl of latex suspension coated with non-immune 
rabbit antibody in another well. A positive control was used from time to time to 
confirm the test procedure, and consisted of 25 µl of the desired enterotoxin (provided 
in the kit at an unspecified concentration) plus 25 µl of latex suspension carrying anti-
enterotoxin. 
4.2.4 Statistical Analysis 
The exponential growth rates (k) for the isolates were determined by fitting a 
line to values of log10 CFU/ml plotted against time, using the method of least squares. 
The values of k were determined from the formula: 
k = log1oXt - log1oXo / 0.301 t 
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where Xo is cell number at time 0, Xt is cell number at time t, and t is elapsed time 
during which growth is measured (Brock & Madigan, 1991). 
The generation time (tgen) was calculated as Ilk 
4.3 Results 
The growth curves of the S. aureus isolates tested are shown in Figures 4.1-
4.6. The generation times ranged from 22 to 40 min, and the cell density after 24 h 
(stationary phase) was between 6.3 x 108 and 1.4 x 109 CFU/ml (Table 4.1). 
The results obtained from immunoassays for enterotoxin are shown in Table 
4.1. Identical results were obtained in the assay of culture filtrates and cell 
suspensions of the isolates for enterotoxin. No relationship was observed between 
cell count and enterotoxin prcxluction by isolates. The amount of a particular toxin 
produced per cell at a given time was found to be different for each organism (Table 
4.1). For instance, COI 9 produced more than 100-fold concentration of SEA per cell 
in stationary phase growth compared to C025 (i.e. 3.7 fg and 0.027 fg respectively). 
Production of a given toxin often differed in different stages of the growth 
phase. With the exception of C09, the maximum amount of toxin was detected at the 
stationary phase of growth for the isolates. This was especially marked in C018 (SEB 
producer) as shown in Table 4.1. 
The highest amount of toxin was produced by C025 (SEA and SEC-producing 
isolate), in which an estimated 16 µg/ml of SEC was detected at 24 h. However, this 
isolate prcxluced only a small amount of SEA after 24 h (32 ng/ml). Higher amounts 
of toxin were synthesized by SEA and SEC producers than by SEB and SED 
producers. 
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Fig. 4.1 Growth curve for isolate C025 
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Fig. 4.3 Growth curve for isolate C09 
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Fig. 4.4 Growth curve for isolate C015 
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Fig . 4 . 5 Growth curve for isolate CD7 
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Fig . 4. 6 Growth curve for isolate C018 
Table 4.1 Growth rates and staphylococcal enterotoxin A-D production by Staphylococcus aureus isolates. 
Isolate Toxin(s) Exponential #Generation Time ·of CFU/ml Toxin Toxin per cell produced growth rate time assay (µg/ml) (fg*/cell) 
~k~ ~min~ ~h~ 
C025 SEA & SEC 2.33 26 4 1.7 X 107 SEA ND SEC ND SEA ND SEC ND 
10 7.3 X 108 0.016 1 0.022 1.4 
24 1.2 X 109 0.032 16 0.027 13 
C019 SEA 2.59 23 4 1.0 X 107 0.001 0.1 
10 1.4 X 108 0.26 1.9 
24 1.1 X 109 4.1 3.7 
C018 SEB 1.49 40 4 5.7 X 106 ND ND 
10 9 . 3 X 108 0.004 0.0043 
24 6.3 X 108 0.51 0.81 
C07 SEC 1.63 37 4 3 .0 X 106 ND ND 
10 8 .0 X 108 0.51 0.64 
24 1 .4 X 109 4.1 2.9 
C09 SED 1.49 40 4 7.7 X 106 0.001 0.13 
10 5.0 X 108 0.064 0.13 
24 1.2 X 109 0.13 0.11 
C015 SED 2 . 76 22 4 5.7 X 106 ND ND 
10 8 . 3 X 108 0.064 0.077 
24 1 . 3 X 109 0.13 0.1 
Table continued on next page . 
ND: not detectable. 
#: The generation time was calculated from k as described in the methods section. 
*10-1sg. 
Cells were grown in TSB at 37°c and samples were aseptically withdrawn at 1 h intervals for 10 h, and at 24 h, for 
determination of the viable count of the culture; samples were assayed for enterotoxins at 4, 10, and 24 h. The amount 
of toxin in the samples were determined using the RPLA test on the basis of the end point of serial two-fold dilutions. 
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4.4 Discussion 
In the above experiments enterotoxin prcx:luction by isolates was measured 
under standard culture conditions. The amount of toxin detected in the culture filtrates 
was the same as the amount detected in the cell suspensions of isolates, indicating that 
there was no significant amount of cell bound toxin in the isolates. The results show 
that the smallest population of S. aureus associated with detectable enterotoxin was 
dependent on the isolate. Toxin production per cell was different, varying with isolate 
and toxin type. Otero et al. ( 1990) in a study of staphylococcal enterotoxin C 1 and C2 
production during the growth cycle of four S. aureus strains also found that the 
minimum bacterial count (107 to 2 x 109 CFU/ml) that gave detectable enterotoxins 
varied between strains. 
In the present study, differences were observed in the levels of the same toxin 
prcx:luced by different isolates. More than 100-fold variation was obtained in the 
amount of SEA produced by SEA-producing isolates. Neill et al. (1990) in a study of 
SEA, SEB, and SEC production by clinical isolates of S. aureus also noted a similar 
variation between some of the isolates which were producers of the same toxin type. 
Jarvis et al. (1973) also reported strain to strain difference in the production of 
enterotoxins A, B, and C by nine strains of S. aureus in two different media in a 
fermenter in which pH, air flow, stirrer speed, temperature and the level of dissolved 
oxygen in the media were controlled. This was noted particularly in those strains 
which produced two types of toxin. 
With the exception of C09, enterotoxin synthesis per cell increased during 
growth, with the maximum amount being produced in stationary phase. The higher 
enterotoxin synthesis by most of the isolates during the stationary growth phase is 
consistent with the observation that, high growth rate of S. aureus (Wood 46) is 
accompanied by a high rate of cellular protein synthesis and a low rate of extracellular 
protein formation, however, decrease in growth rate after exponential growth, leads to 
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a corresponding increase in the rate of extracellular protein production (Coleman, 
1981). 
In this study, higher yields of enterotoxin were found in SEA and SEC-
producing isolates than in SEB and SED producers. However, S. aureus C025 
(producer of SEA and SEC) produced a relatively small amount of SEA and a large 
amount of SEC. Previous workers have reported that greater amounts of enterotoxins 
are produced by SEB and SEC-producing strains than by SEA and SED producers 
(Jarvis et al., 1973; Czap & Bergdoll, 1974; Park & Szabo, 1986). The common 
observation between earlier studies and the present study is the high SEC and low 
SED production by isolates; while the discrepancy between the results from earlier 
studies and this study is the high SEA (by one of two isolates) and low SEB 
production obtained in this study. In order to determine the reason for this 
discrepancy, further investigations would be needed with a larger number of 
enterotoxigenic staphylococci. SEB production has been found to exceed 100-200 
µg/ml; hence genetic studies on enterotoxin synthesis in earlier studies often involved 
SEB (Iandolo, 1989). SEA was also used in earlier genetic studies because it is the 
most often implicated toxin in food poisoning outbreaks; however, it is said to be 
sparingly produced and seldom exceeds 10 µg/ml (Shafer & Iandolo, 1978). The 
variation in the synthesis of the different enterotoxins implies genetic differences in the 
regulation of the synthesis of different toxins; this has remained an intriguing problem 
in gene regulation that is as yet unresolved (Iandolo, 1989). Differences in 
extracellular toxin production were attributed to a number of nutritional and 
environmental factors which have since been discounted. 
The advent of recombinant DNA technology has allowed the genes for many of 
the toxins and virulence factors of S. aureus to be identified, cloned and sequenced. 
However, many questions remain to be answered regarding gene regulation and the 
expression and secretion of exoprotein toxins. The continued development of 
molecular tools and genetic mapping may foster more detailed analysis of possible 
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regulatory mechanisms, and it is likely that a model for the regulation of accessory 
gene expression would be formulated in the near future (Iandolo, 1989). 
In summation, my results demonstrate that cell concentration of S. aureus 
cannot be used to indicate the likely amount of enterotoxins present in culture, since 
there was no simple relationship between cell concentration and amount of toxin under 
the culture conditions used. The experiments also revealed the extent of variation 
(more than 100-fold) that exists in the extent of synthesis of the same toxin type by 
different organisms; in the one strain producing two toxins, the extent of synthesis of 
each was greatly different. Finally, toxin production by five of the six isolates tested 
was greater in stationary phase cells than in exponential phase cells; the similar 
amounts of toxin synthesized in exponential and stationary phases by one isolate may 
reflect some important differences in the regulation of synthesis of exoproteins by the 
isolate. 
CHAPTER 5 
COMPARISON OF ISOLATES CARRYING ENTEROTOXIN GENE 
SEQUENCES USING PULSED-FIELD GEL ELECTROPHORESIS OF 
LARGE SUBFRAGMENTS OF GENOMIC DNA 
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5.1 Introduction 
Staphylococcal isolates carrying genes for the enterotoxins were characterized 
by DNA hybridization analyses using oligonucleotide probes, and in some cases by 
enterotoxin production as a function of growth (Chapters 3 and 4). Another important 
question about these isolates is to what extent are they related, and thus whether they 
may be clonal. It is known for example, that TSST-1 producers isolated in the USA 
appear to be members of a single widespread clone (Musser et al., 1990) and thus the 
gene for this toxin, which as noted before has sequence similarity to the enterotoxins, 
is not simply randomly spread among Staphylococcus aureus. 
Molecular methods are increasingly being used for epidemiological studies, 
often in an attempt to obtain a more precise assessment of the genetic relatedness, or 
clonality of members of a population. Examination of differences between restriction 
fragment patterns (i.e., restriction fragment length polymorphism, RFLP) of genomic 
DNA has been used successfully by others for the clonal analysis of clinical isolates of 
multiresistant S. aureus (El-Adhami et al., 1991), and this method therefore appeared 
appropriate for enterotoxin producers. 
Restriction enzymes which cut frequently in the staphylococcal chromosome 
(size 3 x 106 bp) generate a large number of chromosomal fragments resulting in 
complex DNA banding patterns on electrophoresis gel which are difficult to compare 
objectively. Rare cutting restriction enzymes, on the other hand, generate fewer 
fragments that permit a more precise comparison. However, while the chromosomal 
fragments generated may be too large to be resolved by conventional agarose-gel 
electrophoresis, such fragments may now be resolved by pulsed-field gel 
electrophoresis (PFGE) (Schwartz & Cantor, 1984). 
PFGE is a derivative of conventional agarose-gel electrophoresis; the 
significant difference is that conventional methods use a single pair of electrodes to 
generate an electric field which is oriented and vectored in a single direction, while in 
PFGE the orientation and vector of the electric field is changed repeatedly. This means 
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that large molecules are forced to reorient periodically in the gel, and thus they move at 
different speeds through the gel matrix (Carle et al., 1986). The separation of DNA 
molecules up to two megabases can thus be achieved. 
In Chapter 3, conventional agarose-gel electrophoresis was used to separate 
fragments generated by HindIIT restriction of DNA from isolates. In this chapter, a 
type of PFGE employing a contour-clamped homogeneous electric field (CHEF) was 
used to resolve restriction fragments of genomic DNA of isolates generated by Smal 
endonuclease, one of the few restriction enzymes suitable for generating a limited 
number of fragments from A+ T rich genomes like those of the staphylococci 
(McClelland et al., 1987). In CHEF electrophoresis, the electric field is generated by 
multiple electrodes which are arranged along a closed polygonal contour and clamped 
to the appropriate electric potentials (Chu et al., 1986). In this part of my study, I 
determined the nature of restriction fragment length polymorphisms exhibited by 
isolates of different toxin types, and localized to specific restriction fragments the 
genes encoding enterotoxins A-D. 
5.2 Materials and Methods 
5 .2.1 Cell Preparation 
Genomic DNA was prepared from the isolates by the method of Smith et al. 
(1986), modified for S. aureus by Inglis et al. (1990) as follows: 
Cells were grown overnight (12-15 h) in TSB (3 ml) with shaking. One ml of 
this culture was inoculated into fresh TSB (100 ml) and incubated at 37°C for about 1 
h, at which time the A6oo was approximately 0.15 (1.5 x 108 cells/ml). The cells were 
chilled on ice, centrifuged in a Sorvall GSA rotor at 8000 rpm for 15 min at 4 °C and 
the pellet was washed in 10 ml PIV (10 mM Tris-Cl pH 7.6, 1 M NaCl) and 
recentrifuged for 15 min. The pellet was then resuspended in 1.9 ml PIV to give 8 x 
109 cells/ml (the volume of PIV used was adjusted to A6oo x 12.67, if the A6oo was 
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not 0.15). This finally gave 3 x 108 cells, which is approximately 1 µg of DNA in the 
75 µI agarose plug used subsequently for electrophoresis. 
5.2.2 Cell Lysis 
The cell suspension (1 ml) was prewarmed at 37°C, mixed with 1 ml of 1 o/o 
low melting point agarose (Sigma Sea-Plaque) and distributed into a 12-hole insert 
mould (a strip of tape was used to cover the base of the holes), to give approximately 
150 µl of cell suspension per hole (2 µg DNA). The mould was cooled on ice for 10 
min and using one tooth of a comb with the same dimension as the insert mould, the 
plugs were pushed into 10 ml of lysis solution (6 mM Tris-Cl pH 7.6, 1 M NaCl, 100 
rnM EDTA pH 7.5, 0.2% deoxycholate, 0.5% scxiium lauroyl sarcosine, 20 µg/ml 
RN Aase (DNAase free), 1 mg/ml lysozyme, 50 µg/ml lysostaphin, the enzymes were 
added to the solution just before use) and incubated at 37°C overnight with gentle 
agitation. The lysis solution was discarded and the plugs rinsed with 1 ml ES solution 
(0.5 M EDTA pH 9, 1 % scxiium lauroyl sarcosine), then incubated in 6-10 ml of ESP 
(ES + 0.5 mg/ml of proteinase K) at 50°C for 24 h with gentle agitation. The ESP 
was discarded and the plugs were washed in 10 ml of TE (10 mM Tris-Cl pH 7 .5, 
lmM EDTA) for 24 h. Fresh TE was then added and the plugs were stored at 4°C. 
5.2.3 Restriction Enzyme Digestion 
Half a plug (approximately 1 µg of DNA) was washed in six changes of 5 ml 
TE for 2 h on a rocker table and in six changes of Smar buffer for 2 h. The plug was 
digested in 250 µl of Smar buffer plus 10 units of Smar endonuclease (Boehringer 
Mannheim) and 200 µg/ml of BSA at 30°C overnight. After digestion of plugs, 1 ml 
of ES was added to the tube before loading into gel. Lambda concatemers were used 
as molecular size markers (Inglis et al., 1990). 
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5.2.4 Electrophoresis 
Plugs were loaded into wells of a 1 % agarose gel (14 x 12.5 cm) and sealed 
with 1 % low melting point agarose. Electrophoresis was carried out at 14 °C with 
recirculation of 0.5 x Tris-borate-EDTA buffer (Maniatis et al., 1982). The CHEF 
system was driven by a Bio-Rad Pulsewave 760 at a voltage of 200 v. The conditions 
used were as follows: 
First ramp: 
Initial pulse 23 sec 
Final pulse 23 sec 
Ratio 1: 1 
Time 4 h. 
Second ramp: 
Initial pulse 1 sec 
Final pulse 40 sec 
Ratio 1:1 
Time 22.5 h. 
After electrophoresis, the gel was stained with ethidium bromide (0.5 µg/ml) 
and photographed using a UV transilluminator. 
5.2.5 DNA Transfer to Membrane Filter 
DNA was transferred onto nylon membrane as described in Chapter 3 except 
that the DNA was depurinated 2 x 15 min in 0.25 M HCl and transfer was allowed to 
occur for 24 h. 
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5.2.6 Hybridization Analysis 
Hybridization analyses were carried out as described in Chapter 3 using the 
oligonucleotide probes A2, Bl, Cl and D described therein. 
5.3 Results 
The 15 enterotoxin-producing isolates described earlier were examined for 
RFLP; i.e., seven SEA producers (COl 1, C012, C013, C016, C019, C023, and 
C025), six SEC producers (C07, C08, COlO, C017, C025, and C026), two SED 
producers (C09 and C015), and one SEB producer (C018). Cleavage of genomic 
DNA from the isolates with Smal restriction endonuclease and electrophoresis of the 
digests by CHEF yielded well resolved restriction fragment patterns of 13-19 
fragments ranging from approximately 10 to 700 kb in size. Restriction fragments not 
identified in this analysis are those so small that they would not bind sufficient 
ethidium bromide to be visible, and in any case would probably have run off the gel 
during electrophoresis (such fragments would be smaller than 10 kb). 
Comparison of the chromosomal RFLPs obtained from the SEA-producing 
isolates revealed similar restriction fragment patterns in five of the seven SEA-
producing isolates: COl 1, C012, C013, C016, and C023 (Fig. 5.1 (a), lanes 1 to 
5). However, minor differences in DNA banding patterns for these isolates were 
observed. COl 1 (Fig. 5.1 (a), lane 1) contained an additional DNA fragment 
approximately 140 kb in size which was absent from the other four isolates. C016 
(Fig. 5.1 (a), lane 4) lacked a fragment about 60 kb in size which was present in the 
other four isolates. Similarly, C023 (Fig. 5.1 (a), lane 5) lacked a DNA fragment 
approximately 180 kb in size which was present in other isolates but contained an 
additional fragment 100 kb in size which was absent in the other isolates. Also the 
second DNA fragment in this isolate was larger than the second fragments in the other 
four isolates. The remaining two SEA-producing isolates (C025 and C019, Fig. 5.1 
Fig. 5.1 CHEF electrophoresis of total cell DNA from SEA-producing 
isolates digested with Smal (a), and hybridization analysis of the filter blot with oligo 
A2 probe (b ). The autoradiograph was obtained at the maximum temperature wash for 
the probe. Lanes: 1, COl 1; 2, C012; 3, C013; 4, C016; 5, C023; 6, C025; 7, 
CO 19. The molecular size scale is shown on the right with sizes in kb. The weak 
hybridization signals seen (lanes 6 and 7) were due to smaller amounts of DNA loaded 
onto the gel. 
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(a), lanes 6 and 7) showed unique restriction fragment patterns different from the other 
SEA producers. 
Hybridization patterns obtained from DNA hybridization of the SEA-producing 
isolates with oligo A2 confirmed the chromosomal similarity indicated by the 
restriction fragment patterns in four (C012, C013, C016, and C023) of the seven 
SEA producers shown in Fig. 5.1 (a), lanes 2 to 5. In these isolates, identical DNA 
fragments 120 kb in size hybridized with the probe (Fig. 5.1 (b), lanes 2 to 5). The 
minor difference in RFLPs between COl 1 and the other four isolates described earlier 
was reflected in the hybridization analysis; in this case the 140 kb fragment hybridized 
with the probe (Fig. 5.1 (b), lane 1). This fragment, absent from the other isolates, 
probably includes within it the 120 kb fragment that hybridized in these other isolates. 
The apparently unrelated SEA-producing isolates (C025 and CO 19) showed different 
DNA fragments hybridizing with oligo A2 in each case (Fig. 5.1 (b), lanes 6 and 7). 
A DNA fragment about 600 kb in size hybridized in C025 (Fig.5.1 (b), lane 6), while 
a fragment approximately 200 kb in size hybridized in C019 (Fig. 5.1 (b) lane 7). 
The chromosomal Smal fragments of the six SEC-producing isolates are 
shown in Fig. 5.2 (a) (lanes 1 to 6). Two of the six isolates (C07 and C08, lanes 1 
and 2) differed only by the presence in C08 of an additional DNA fragment, 
approximately 160 kb in size. The other four SEC producers (COlO, COl 7, C025, 
and C026) showed extensive restriction fragment polymorphism (Fig. 5.2 (a), lanes 3 
to 6). 
In hybridization analysis with the probe oligo C 1, both C07 and C08 yielded 
an identical fragment approximately 700 kb in size (Fig. 5.2 (b) , lanes 1 and 2). 
Amongst the four isolates that showed restriction fragment polymorphism, in two of 
them (COlO and COl 7, Fig. 5.2 (a), lanes 3 and 4) oligo Cl hybridized with a 
fragment of 400 kb which may be identical (Fig. 5.2 (b ), lanes 3 and 4 ), while in the 
other two isolate , C025 and C026 (Fig. 5.2 (a), lanes 5 and 6) oligo Cl hybridized 
with different fragments, approximately 600 kb and 60 kb respectively (Fig. 5.2 (b), 
lanes 5 and 6). The hybridization result for C025 (a producer of SEA and SEC) with 
Fig. 5.2 CHEF electrophoresis of total cell DNA from SEC, SED, and SEB-
producing isolates digested with Smal (a), and hybridization analysis of filter blot with 
oligo Cl probe (b). The autoradiograph was obtained at the maximum temperature 
wash for the probe. Lanes: 1, C07 (SEC+); 2, C08 (SEC+); 3, COlO (SEC+); 4, 
C017 (SEC+); 5, C025 (SEA+ and SEc+); 6, C026 (SEC+); 7, C09 (SED+); 8, 
C015 (SED+); 9, C018 (SEB+). The molecular size scale is shown on the right with 
sizes in kb. 
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oligo Cl probe is shown in Fig. 5.2 (b), lane 5; the same 600 kb fragment which 
hybridized with oligo Cl also hybridized with oligo A2, indicating that the genes sea 
and sec in this isolate are located on the same large Smal restriction fragment. 
The two SED-prcxiucing isolates showed restriction fragment polymorphism 
(Fig. 5.2 (a), lanes 7 and 8), but in hybridization analysis with the probe directed at 
sed both isolates hybridized with similar restriction fragments about 500 kb in size 
(data not shown). The SEE-producing isolate had a unique restriction fragment 
pattern (Fig. 5.2 (a), lane 9). In hybridization analysis with oligo B 1, DNA from this 
isolate hybridized with a fragment approximately 380 kb in size (data not shown). 
5.4 Discussion 
The present chapter describes a preliminary assessment of genomic RFLPs, 
generated using Smal endonuclease, as a method for comparison of isolates carrying 
enterotoxin genes. RFLP analysis by PFGE provides an approach for detecting 
genetic differences between isolates or strains, at least as a first approximation. The 
method is particularly useful in identifying differences between isolates due to 
deletions, insertions or rearrangements in the genome (Inglis et al., 1990; El-Adhami 
et al., 1991). RFLP analysis may also provide an approach to the identification of the 
genetic determinants of virulence in a pathogenic microorganism by detecting constant 
genomic features which correlate closely with pathogenicity. 
The analysis of RFLPs as an epidemiological tool has yielded interesting 
results in previous studies. Field inversion gel electrophoresis (FIGE) in combination 
with a rRNA gene probe was used in the analysis of two groups of staphylococcal 
isolates which were difficult to distinguish epidemiologically by conventional means 
(Goering & Duensing, 1990). It was shown that while the S. aureus strains within 
one group initially appeared to be identical (similar antibiograms, untypable with 
standard bacteriophages, and lack of detectable plasmids), FIGE analysis of 
chromosomal RFLPs showed this not to be the case; all the isolates differed from one 
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another by one or more DNA fragments . Hybridization analysis with rRNA gene 
probes confirmed the differences. 
RFLP analysis has also been attempted using restriction enzyme BglII which 
cut the staphylococcal genome into many fragments. While electrophoresis cannot 
resolve fragments individually, the ethidium bromide stained gels often show 
"banding" patterns which may be qualitatively diagnostic. Jordens & Hall (1988) used 
this method to "type" methicillin resistant S. aureus isolates from a London hospital. 
Methicillin-sensitive isolates had readily distinguishable and unique DNA restriction 
patterns, compared with resistant isolates, which were predominantly of one type. 
El-Adhami and others (1991) carried out a numerical analysis of the 
fragmentation patterns generated by digestion of genomic DNA of methicillin resistant 
S. aureus isolates with endonuclease Smal, with resolution of the fragments by 
PFGE. They generated a sequence similarity matrix from which quantitative genetic 
relationships of S. aureus isolates collected during an outbreak of methicillin-resistant 
S. aureus could be determined. 
Arbeit et al. (1990) used PFGE to discriminate among pathogenic Escherichia 
coli isolates. They found that different restriction fragment profiles were obtained for 
isolates obtained from different patients. In contrast, isolates obtained from separate 
sites of infection within the same patient had identical restriction profile. The results 
indicate that PFGE can resolve recent evolutionary divergence within E. coli lineages. 
Also the results provide evidence that E. coli urinary tract infection within a given 
patient is due to the expansion of a single bacterial clone. 
Results obtained in the present study showing that five of the seven SEA 
producers had similar restriction fragment patterns, and two of the six SEC producers 
also were similar imply that within these sub-groups of isolates may be descendants of 
a single original clone that have spread from one person to the other in the community. 
The likely modes of transmission of these enterotoxigenic S. aureus might have been 
through fomites (inanimate objects) which serve as passive vehicles for the 
transmission of microorganisms, or by airborne transmission through aerosol or dust 
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particles carrying enterotoxigenic staphylococci. The minor differences that were 
observed within these groups are probably a result of restriction site redistribution due 
to a small number of mutation, transposition or chromosomal rearrangement events. 
The persons from whom these genetically similar isolates were obtained lived in 
different households, and the interaction with each other was only that which occurred 
in the department in which they worked or studied. Thus while an opportunity for 
transmission of a common clone among these individuals cannot be disregarded, it is 
also possible that these similar isolates are samples of clones which are much more 
widespread in the community. 
My results demonstrate the potential utility of RFLP analysis in the 
epidemiological study of enterotoxigenic S. aureus. Analysis of RFLPs by PFGE 
provides a methcxi for comparing isolates at the genetic level because of the resolving 
power of PFGE. Of interest would be a further investigation with a larger number of 
isolates to determine how the results obtained here (with a limited number of isolates) 
may relate to the results from a wider study of the human population with a 
correspondingly large number of staphylococcal types. This may indicate whether 
RFLP analysis can be applied in outbreaks of staphylococcal food poisoning to detect 
clones of enterotoxigenic staphylococci causing the outbreaks. 
CHAPTER 6 
GENERAL DISCUSSION 
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General Discussion 
Current techniques for the diagnosis of a staphylococcal involvement in focxi 
poisoning outbreaks depend on detecting the enterotoxin in samples of contaminated 
foods. Such methods, usually immunochemical, are based on the expression of the 
genes for enterotoxins, leading to the production of toxin of a type and amount which 
reacts with the antibodies in the assay. The assays are scored as negative if no 
detectable toxin is produced by the bacteria under the experimental conditions used. 
On the other hand, genotypic methods based on the detection of specific DNA 
sequences by probe hybridization or sequence amplification will give positive results 
even under circumstances where the genes are not expressed, or are expressed at low 
level. 
This project was undertaken to evaluate DNA hybridization analysis with 
mixed oligonucleotide probes as a more direct and sensitive means of defining the 
toxigenicity of staphylococci. The primary objective of the research was to detect the 
genes encoding the five major enterotoxins and to distinguish between isolates 
carrying different enterotoxin genes, and to compare these data with the actuality of 
toxin production. This required the synthesis of unique oligonucleotide probes 
following the identification of unique sequences (17-18 nucleotides long) in the five 
major genes, the application of these in hybridization analyses, and the detection of the 
toxins in cultures by immunoassay. 
6.1 Design of Oligonucleotide Probes 
As a first step in the project, the degree of relatedness between the enterotoxin 
genes was determined by nucleotide sequence comparison of the published sequences 
as discussed in Chapter 2. Unique oligonucleotides were identified for the genes sea, 
seb, sed, and see, but because of the high degree of sequence similarity between the 
three sec genes, common oligonucleotide sequences for these genes were necessary. 
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Because differences in codon usage could distort the specificity of single 
oligonucleotides as probes for individual enterotoxin genes, codon usage in the genes 
was measured, and mixed oligonucleotides carrying combination of codons with 
greater than 15% occurrence were represented in each of the probes (apart from the 
few exceptions stated in Chapter 3). In so doing, the chances of the probes detecting 
genes with single third-base mismatches (i.e., silent mutations that do not alter toxin 
synthesis) were increased. Two sets of probes were designed for the genes sea, seb, 
and sec because results obtained from hybridizations with the first set of probes (oligo 
Al, B 1, and Cl respectively) did not correlate with results obtained in the phenotypic 
assay for toxin production in culture. 
6.2 Use of the Oligonucleotide Probes 
When using oligonucleotide probes, it is necessary to find hybridization 
conditions that are stringent enough to guarantee the specificity of the probes. 
Hybridization with oligonucleotide probes is usually carried out under conditions that 
are 5-10°C below the estimated melting temperature (Tm) of a perfect hybrid 
(Sambrook et al., 1989). When using a mixture of oligonucleotides whose members 
have different contents of G+C, it is not valid to use a consensus Tm · thus 
' 
hybridization conditions were used that would allow the oligonucleotide with the 
lowest content of G+C to hybridize efficiently. In this study, hybridization and 
washing was carried out at the lowest Tm calculated for each mixed probe, but 
additional washes at the highest Tm and an intermediate Tm were included to detennine 
whether any hybridization seen at the lower temperature was likely to be due to non-
specific interactions. 
Using these hybridization conditions, and the highest temperature washes, 
none of the two sets of probes designed from different segments of each the genes seb 
and sec yielded exact correlation with the phenotypic assay for toxin production. 
However, one of the two probes designed to detect the gene sea and the one for sed 
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did provide such a correlation. But because the total number of isolates screened was 
not statistically large, it cannot be said conclusively that the apparently specific probes 
(oligo A2 and D) could serve as alternative diagnostic tools in epidemiological studies 
should a more extensive sample of isolates be tested. 
As a test on the level of stringency of the above hybridization conditions, 
further hybridization analyses were carried out with two representative probes (oligo 
A 1 and Cl) that gave false positives when compared with the phenotypic assays, 
using a hybridization solvent containing the quaternary alkylammonium salt, 
tetramethylammonium chloride (TMACl). In this solvent, the effects of potential 
mismatches are minimized, since the stability of hybrids is dependent only on probe 
length and is independent of G+C content (Sambrook et al., 1989). Results from 
hybridization experiments in TMACl using oligo A 1 and Cl gave similar results to that 
obtained with hybridization in the sodium salt (Chapter 3). These results suggest that 
the sequences that hybridized with these probes, but whose expression was not 
detected in vitro, share a high degree of sequence similarity with functional genes. 
The possible reasons for the lack of correlation between probe and toxin 
positive isolates in question have been discussed in Chapter 3, including the likelihood 
of silent, variant enterotoxin genes as a possible explanation for this lack of 
correlation, or of evolved genes producing toxins which are not antigenically related to 
those toxins for which immunoassay are available. Inactive genes provide a 
population with a genetic pool by which adaptive capacity is enhanced; non-expressed 
genes could become active if environmental conditions change such that toxigenic 
strains then have a selective advantage. Available evidence indicate that biologically 
important mechanisms exist to prevent the loss of non-expressed (cryptic) genes; they 
thus persist as vital elements of the genetic repertoire (Hall et al., 1983). 
The enterotoxin family appears to have arisen through divergence from an 
ancestral toxin molecule, followed by subsequent recombination between the divergent 
genes (Hovde et al., 1990). There is also the possibility of recombination between 
inactive and active genes. These could account for new antigenically unrelated toxin 
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molecules being produced, but not detected. Further work is needed to determine if 
enterotoxin gene populations are highly polymorphic, and variable in expression. 
So far, available data describes only one silent variant enterotoxin gene known 
as sezA+ (a variant of sea). Soltis and coworkers (1990) have cloned and sequenced 
the gene sezA+ and found that it has 85, 53, 50, 60 and 83% nucleotide sequence 
identities with the sea, seb, sec (the three sec genes), sed, and see genes respectively. 
A 771-bp fragment that encoded an ORF of 257 derived amino acid residues was 
identified in sezA+. This derived amino acid sequence had 77, 34, 28, 49 and 79% 
amino acid sequence identities with the amino acid sequences derived from sea, seb, 
sec, sed, and see respectively. The derived amino acid similarities between sezA+ and 
the other enterotoxins as indicated above are lower than their similarities at the 
nucleotide level; this is consistent with the observation made in Chapter 2 of this thesis 
that the characterized enterotoxins showed lower percentage similarities to each other 
than their respective genes, suggesting positive selection for structural (antigenic) 
variation in these toxins. 
sezA + has been shown to contain a deletion of one nucleotide that corresponds 
to the locations of the translation initiation codons of both sea and see and results in an 
asparagine codon, which is not among the known initiation signals. The strain 
carrying this mutant gene does not synthesize an enterotoxin-like protein (Soltis et al., 
1990). Recombination between sezA+ and either sea or see may result in production 
of a new type of enterotoxin (Soltis et al., 1990) which could be antigenically different 
from these two toxins. 
It should be emphasized that the failure to detect toxin production in some 
probe-positive isolates does not rule out the possibility that they are enterotoxigenic, 
since it is possible that particular culture or external conditions are necessary to induce 
toxin production. The results obtained in Chapter 4 demonstrated that more than 100-
fold variation existed in levels of toxin production between isolates of the same toxin 
type. It is therefore possible that some isolates have intact genes and control elements, 
but produce little or no toxin for some other reason, perhaps physiological in nature. 
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6.3 Other Studies on Toxigenic Staphylococci Using DNA 
Hybridization Analyses 
The identification of suitable probes and their application to the detection of 
pathogenic microorganisms is still in the early stages of research. Attempts have been 
made to detect enterotoxigenic Staphylococcus aureus strains, using single 
oligonucleotide probes that cross-react with more than one enterotoxin gene (Betley & 
Mekalanos, 1988; Notermans et al., 1988). As an alternative approach, Neill et al. 
(1990) used single oligonucleotide probes to differentiate between isolates carrying 
enterotoxin genes sea, seb and sec. Also staphylococcal isolates carrying genes for the 
TSST-1 have been detected using single oligonucleotide probes (Neill et al., 1990; 
Jaulhac et al., 1991). Discrepancies between hybridization analyses and phenotypic 
assays obtained in this work were also observed by these workers, as discussed in 
Chapter 3. 
The strategy applied in my study for the detection of enterotoxigenic 
staphylococci using mixed oligonucleotide probes extends the approaches described by 
other workers. My results illustrate the importance of a careful selection of 
oligonucleotide sequences for the construction of synthetic probes used in DNA 
hybridization analyses, and the need for testing any new oligonucleotide probe to 
detennine the specificity. Even so, the problem of unexpressed or variant enterotoxin 
genes points to limitations in the use of DNA hybridization analysis (including PCR) 
as a diagnostic tool in epidemiological studies of staphylococcal food poisoning. In 
the case of PCR, the binding of primers to a mutated or variant target sequence will 
lead to the generation of a PCR product that has no relevance to toxin production. A 
more valid assessment of the usefulness of these techniques (direct DNA hybridization 
analysis and PCR) for the detection of enterotoxin-producing staphylococci may only 
be made after a detailed characterization of silent enterotoxin genes has been carried 
out. 
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6.4 Future Studies 
As a continuation of this work, further studies which would enable the 
understanding of the nature of mutations which result in silent, variant enterotoxin 
genes, and the processes (mutation and recombination) which are likely to lead to 
antigenic variation in enterotoxins, are strongly indicated. Such investigations would 
involve firstly, determining whether non-expressed sequences are a result of mutations 
in the structural or regulatory gene sequences. Basically, this would require the 
cloning (or amplification) and sequencing of the silent enterotoxin genes and the 
corresponding flanking DNA, to detect the likely cause of the silencing process. 
Secondly, alternative assay methods for enterotoxins which do not depend on 
specific antibodies are required. Binding of prospective enterotoxins to the MHC of 
white cells, and subsequent interaction with T cells, would be one approach. Another 
would be to clone those DNA sequences which have sequence similarity to known 
enterotoxin genes (and thus hybridize to the oligonucleotides used in my study) but 
which did not produce assayable enterotoxins A-D. These could be tested for the 
production of potential toxins by insertion into expression vectors, and assayed by 
some more general method of toxin production (MHC interaction or pathogenic effects 
on mice). 
A further important area for exploration is that concerning the physiological 
control of toxin production. Simple culture methods may not reflect important 
environmental factors, existing in contaminated foodstuffs, which result in the strong 
expression of toxin genes. 
APPENDIX 
GENERAL MATERIALS AND METHODS 
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Al Antibiotic Susceptibility Test 
Susceptibility of isolates to chloramphenicol, kanamycin, gentamicin, penicillin 
and erythromycin were carried out using the sensi-disc susceptibility test discs (BBL). 
Isolates were also tested for susceptibility to the following antibiotics which were 
prepared in the laboratory with the following concentrations of antibiotics per disc: 
Methicillin 100 µg 
Tetracycline 100 µg 
Cadmium chloride 250 µg 
Mercuric chloride 100 µg 
Each isolate was grown overnight in 3 ml TSB (Oxoid) at 37°C on a gyratory 
shaker. The broth culture was diluted (1/100) in TSB, and inoculated onto DST agar 
by swabbing evenly with a sterile swab. The antibiotic discs were placed onto the 
plates and incubated at 37°C overnight, following which the inhibition zone for each 
antibiotic was measured and compared to the standard for BBL. 
A2 Preparation of Recombinant Plasmid pXBl.7 
A2.1 Subcloning of seb 
Plasmid vector pGEMl (1 µg) was digested with Xbal restriction endonuclease 
(Pharmacia) according to the supplier's instructions and treated with alkaline 
phosphatase (Boehringer Mannheim) in 0.5o/o SDS , 100 mM-Tris pH 9.0 for 1 hat 
37°C and for the same time at 50°C. After extraction of DNA with phenol/chloroform 
(1: 1), and subsequent precipitation with ethanol, the linearized, phosphatased DNA 
was purified by electrophoresis on a low melting agarose gel (1 % ) and treatment by 
the glass milk procedure of Vogelstein & Gillespie (1979). A 1.7 kb Xbal insert DNA 
was recovered from a low melting point agarose gel (1 %) of Xbal digested pSK401 
and purified by the same glass milk method. Ligation of insert fragment to vector 
58 
DNA was carried out at a vector : insert molar ratio of 1: 1 and a DNA concentration of 
20 ng in a ligation volume of 10 µl (Sambrook et al., 1989). The recombinant DNA 
was then used to transform E. coli (MCl 06.1) cells by electroporation. 
A2.2 Preparation of Competent Cells for Electroporation 
Escherichia coli (MC1061.l) cells were grown in 1 litre of Luria broth (10 g 
Bacto tryptone, 5 g Bacto yeast extract, 5 g NaCl per litre) with vigorous shaking at 
37°C to an A600 of 0.5 to 1.0. Cells were harvested by chilling the flasks briefly on 
ice and centrifuging at 4000g for 15 min at 4 °C. The ionic strength of the suspension 
was reduced by extensive washing as follows: cells were washed twice in water, once 
in 10% glycerol and resuspended in approximately 3 ml (total volume) 10% glycerol (a 
300-fold concentration from the culture or about 3 x 1010 cells/ml) . Cells were 
distributed in aliquots of 100 µl, frozen on dry ice and stored at -70°C. 
A2.3 Electroporation 
The method used was that described by Dower et al. (1988) as follows: 
The gene pulser unit (Bio-Rad) was set to 25 uF capacitance, 2500 v with 200 ohms in 
parallel with the cell samples, and a 0.2 cm electrode gap, so that the resulting pulse 
would be 12.5 kv/cm with a time constant of slightly less than 5 msec. The competent 
cells were thawed at room temperature and placed on ice. 40 µl of cells were 
transferred to a cold pulsing cuvette and 2 µl ( 4 ng of DNA) of the ligation mix was 
mixed with the cell suspension to give a final concentration of 100 ng/ml . The cuvette 
was placed in the pre-cooled cuvette holder in the electroporation chamber and pulsed 
once. Cells were immediately transferred to 25 volumes of outgrowth medium (2o/o 
Bacto tryptone, 0.5% Bacto yeast extract, 10 mM NaCl, 2.5 mM KCI, 20 mM 
MgS04, 20 mM glucose), incubated at 37°C for 1 h with shaking at 225 rpm. Serial 
dilutions of the cells were then made in Luria broth and plated onto Luria agar 
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containing ampicillin (50 µg/ml). Efficiency of transformation was calculated as the 
number of transformants/µg of DNA. 
A2.4 Analysis of Transformants 
The sizes of plasmids in colonies of transformed cells were estimated by 
electrophoresis (1 % agarose gel) of total colony lysates. Cells were lysed in freshly 
prepared "cracking solution" (50 mM NaOH, 0.5o/o SDS, 5 mM EDTA, 10% glycerol, 
0.01 % bromocresol green) by heating at 68°C for 30 min and then loaded onto the gel. 
As colonies were sampled into the cracking solution, cells were also transferred to a 
fresh plate at a defined, numbered location, for later selection of desired transformants . 
For standards of defined size, closed-circular pGEM and MA-3 (pUC carrying a 2 kb 
insert) were used. 
A3 Preparation of End-labelled )JHindlll Size Marker 
Lambda DNA (1 µg) was digested with HindIII restriction enzyme according 
to the supplier's recommendation. 1 µl of a solution containing 2 mM each of dGTP, 
dA TP, and dITP (Boeringer Mannhein) was adde4 and 0.5 µl 10 mCi/ml 32P-dCTP 
(Amersham) was then added to the mixture. A trace sample was removed for PEI-
cellulose paper chromatography, and 5 units of DNA polymerase (Pharmacia) was 
added. The mixture was left at room temperature for 30 min, after which a second 
sample was removed for PEI-cellulose paper chromatography. The PEI was dried and 
chromatographed as described earlier (Chapter 3). This end-labelled DNA (1 µl of 
1/100 dilution) was mixed with unlabelled A/HindIII DNA as required and loaded onto 
the gel. 
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